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PREFACE

An International Symposium on “The Structure and Content of the Galaxy and Galactic
Gamma-Rays” was held at NASA/Goddard Space Flight Center in Greenbelt, Maryland,

June 2 through 4, 1976. It was the third international y-ray symposium; the first was held

at Goddard Space Flight Center in April 1973 (Gamma Ray Astrophysics, ed. F. W. Stecker
and J. I. Trombka, NASA SP-339, U.S. Government Printing Office, Washington, D.C.),

and the second was held in May 1974 at the European Space Agency conference facility

in Frascati (The Context and Status of Gamma Ray Astronomy, ed. B. G. Taylor, ESRO
SP-106, ESTEC Reprod. Serv., Noordwijk). Since the previous symposia were held, y-ray
astronomy has developed from the discovery phase into the exploratory phase experimentally
and blossomed in a remarkable way theoretically. The results of SAS-2 have become available
in nearly final fo‘rm., COS-B has been launched, and new results have become available at

both very high and low energies. These resulis have provided the stimulus for several new
theoretical concepts, many of which are just now being developed: Most prominent among
these new results are the new observations of y-rays from the galaxy. The time appeared to
be ripe to tie these observations into the mainstream of galactic astronomy and explore the

. relationship of galactic y-ray astrophysics to other fields of galactic astronomy. Thus, although
the recent y-ray results presented play a very important role in the symposium, relevant
observations from many disciplines, including radio, infrared, optical, and ultraviolet astron
omy, are also included. All these results are then considered together in the theoretical
papers on galactic sources. The synoptic approach to the problem of galactic structure

is evolved here with the new y-ray and CO observations playing a prominent role. '

The symposium consisted primarily -of invited talks and their associated discussion; however,
it was supplemented by three short sessions of contributed papers on very recent results.
These proceedings include the full text of all invited papers and titles and references to the
shorter contributed papers. Much new and previously unpublished material is included

such as: (1) the first reported results from the COS-B y-ray satellite presented by our
European colleagues, (2) new SAS-2 results on y-ray pulsars, Cygnus X-3, and new maps

of the diffuse flux, (3) very recent data from CO surveys of the galaxy, (4) new results on
the galactic distribution of pulsars, and (5) new theoretical work on galactic y-ray emission.
The following highlights from the symposium will serve as an overview and introduction.

The first speakers at the conference summarized the experimental status of yray astronomy.
David Thompson and Robert Hartman presented the results from the second Small Astron-
omy Satellite, SAS-2, showing sky contour where data are available and the galactic longitude
and latitude distributions of > 100-MeV ~y-rays. Evidence for pulsed y-radiation from four
radio pulsars (PSR 0531+21, PSR 083345, PSR 1818-04, and PSR 1747-46) is reported.



These results are particularly significant in that only one radio pulsar has been seen at
optical and X-ray wavelengths. In addition, several general features in the y-ray data are
-correlated with galactic structural features, such as Gould’s Belt, and peaks along the galactic
~ plane at about 315°, 330° to 335°, 340° to 345°, 0°, 25°, and 35°, corresponding to the
galactic center and possibly to tangential directions of galactic arms.” The y-rays seen by
SAS-2 from the direction of Cygnus are determrned to have a periodicity of 4.8 hours :
matchmg the frequency and phase of the X-ray source, Cyg X-3. :

A description of the COS-B y-ray instrument, which was launched on August 9, 1975, was
given by Boudewijn Swanenburg, and preliminary results were presented by Jacques Paul,
Hans Mayer-Hasselwander, and Rosolino Buccheri. These results include latitude and-longi-
tude distributions of y-rays from parts of the galactic plane and a confirmation of a strong
~ v-ray source near galactic coordinates 195°, +5°. The temporal analysis of data from PSR
0531+21 shows excellent correlation between the X-ray and y-ray light curves, and the analy-
sis of PSR 0833-45 indicates that the y-ray pulses are narrow and that 7-rays w1th energy in
~excess of 107 eV are coming from PSR 0833-45

These talks were followed by a d1scuss10n of low-energy 7y-ray astronomy by | Gerald Share,
who noted that the galactic y-ray energy spectrum below 30 MeV shows a predrcted steepen—
ing characteristic of bremsstrahlung radiation. Jonathan Grindlay then summanzed the results
in very high-energy vy-ray astronomy (E > 10!2 ¢V), and noted that there now appear to be

at least two sources emitting y-rays at these energies. :

Peter Sturrock and Hakki Ogelman both presented papers on the general subject of pulsars
Sturrock suggested that a cascade process resulting from electron-positron pair creation in
the pulsar magnetic ‘field may be the cause of the pulsed v-radiation, whereas the radio and
optrcal emission from the Crab pulsar is best understood as coherent curvature radrauon
Ogelman suggests that theory and observation indicate that pulsars radiate predommantly
“the 10% to 10° eV energy range. Further studies of y-rays from pulsars will clearly be im-
portant in understanding the nature of the energy-loss process assoc1ated with these Ob_] ects.

.

: _Three different papers on observatlons of the interstellar matter, covering a range of wave-
lengths from radio to ultraviolet, were presented. Butler Burton and Nicholas Scoville both

= presented radio measurements of the 2. 6-mm CO line, which is exc1ted prunarrly by colh-

sions of CO with H, molecules in dense clouds. These studies mdlcate that molecular hydro-
gen clouds in the galaxy are concentrated between galactic radii of 4and 8 kiloparsecs.
(kpc), in contrast to the atomic hydrogen, which is relatively umform in distribution at

radii from 4 to 14 kpc. The CO measurements also show that H, clouds are more tightly
confined to the galactic plane than atomic hydrogen gas. Edward Jenkins of Princeton Uni-
versity noted that direct ultraviolet measurements of the molecular hydrogen in the local
region of the galaxy give a value of the molecular hydrogen density a factor of 4 lower than
that predicted at a galactic radius of 10 kpc, although the results do not necessarily conflict
because of various selection effects and nonuniformities in the large-scale drstrrbutron of
interstellar gas.

iv



William Roberts discussed the density wave theory of galactic structure and showed that,
using this theory, one can account for the apparently striking separation of atomic and
molecular hydrogen as a result of: (1) stronger compression of gas in the inner galaxy, and
(2) an increase of the frequency at which the interstellar gas is periodically compressed. Both
these effects could be caused by the spiral density wave pattern in the galaxy.

Turning to the nonthermal galactic radiation, generally assumed to be synchrotron radiation
from cosmic-ray electrons in the galactic magnetic fields, John Baldwin noted that the non-
thermal radiation extends to several kiloparsecs above the galactic plane, implying a much
broader distribution of the cosmicray electrons than of matter in the galaxy. This is also
indicated in studies of other spiral galaxies.

The pulsar distribution within the galaxy was discussed by John Seiradakis, who showed that,
within the present very limited statistics, the radial distribution of pulsars is generally corre-
lated with that of other young (Population I) galactic objects.

Both Giovanni Fazio and Jean-Loup Puget discussed the significance of the local clouds of
dust and H, and noted that future infrared and y-ray observations could help reveal their
nature. Puget concluded that the y-ray observations indicate that the cosmic-ray density
inside and outside these clouds is similar.

Two papers involving rather different subjects included predictions of y-ray spectral lines.
Richard Lingenfelter described the y-ray lines emitted by the excited heavy nuclei produced
by interactions of cosmic rays with interstellar matter. He predicts that the 4.4-MeV carbon
line would be the most intense and that the emission lines from the carbon in dust grains
would be quite narrow. David Arnett described the possibility of studying the results of
nucleosynthesis in supernovae by examining the y-ray lines emitted by the end products.

He noted that the time interval after the explosion before the supernova envelope becomes
transparent to y-rays is much longer than had been estimated earlier. As a consequence, the
observed flux levels would be less than previously predicted.

Eugene Parker then presented a theoretical discussion of cosmic-ray propagation and galactic
containment, in which he noted that the cosmic rays, the magnetic field, and the interstellar
gas affect each other, so that the problem of the propagation and containment of cosmic rays
in the galaxy is inseparable from the dynamical theory of the disk. He explained that the
cosmic rays below about 1016 eV/nucleon are tied to the lines of force. The cosmic rays

are not free to escape individually from the surface of the galaxy. This view forces the con-
clusion that, if cosmic rays escape from the galaxy, it must be as a consequence of collective
cosmic-ray pressure inflating the field and pushing it outward from the galactic plane.

The last two papers, by Donald Kniffen and Floyd Stecker, discussed the role that y-ray
astronomy can play in determining the large-scale galactic structure. Kniffen noted that,
since y-ray production is proportional to the product of the cosmic-ray and matter densities
and since they have a high penetrating power, the y-rays are particularly valuable in searching
for spiral structure for which there is an indication in the v-ray data. He presented models



of y-ray production based on current estimates of the interstellar atomic and molecular
hydrogen-gas densities which give good fits to the observed galactic y-ray longitude distribu-
tion. Although a constant or universal cosmic-ray model appears to be ruled out by this
work, the large uncertainties in the interstellar gas densities weaken this conclusion. - :

Stecker argued that galactic y-ray emission and deduced cosmic-ray dlstrlbutlon are cor—
related with the molecular cloud distribution in the galaxy The cosmicray dlstnbutlon 1n
the galactic disk, he deduces, appears to follow the supernova remnant and pulsar distii-
butions in the galaxy, favoring a galactic origin for most cosmic rays. He also discussed -
the relatlonsmp between cosmic rays and other components of the galaxy and the galactlc
contribution to the high- latitude background y-ray flux, He noted that the galactic. cosmic-
ray gradient implied by the y-ray results provides a new argument against contammenj: of
cosrmcraysmalarge halo region. =~ . . .. el ETE IR SIS S

The conference ended with a panel discussion in which it was noted that, after almost two!
decades of strenuous effort in developing instraments of sufficient sophistication and sensi-
t1v1ty, there have been significant advancements in y-ray astronomy in the last few years.

Not only the general level of the galactic radiation has been established, but also its broadé
features. With improved angular resolution and much greater sen31t1v1ty 7-ray astronomy,
together with astronomy at other wavelengths, holds’ great promise for the study of our own
galaxy and others. At the same time, contributions from discrete objects will be d1stmgulshed
more clearly so that the study of pulsars, molecular clouds, globular clusters, and supernovae
may be greatly expanded.

Some of what will be learned when the large vy-ray telescopes of the future are flown is
predictable. However, each time a new region of the spectrum has been viewed in astronomy
~or the study of a wavelength region has been extended by an order of magnitude in sensitiv-
ity, many unexpected results have emerged, leading to a major expansion of our knowledge.
Not only should this also be true of y-ray astronomy, but it should be even more likely for
several reasons: (1) y-ray astronomy, by its very nature, relates directly to the highest ener-
gy processes, (2) it will not be troubled by absorption effects because of the high penetrating
power of y-rays, and (3) because y-ray astronomy is Just reaching the exploratory phase,
relatively less is as yet known.

We believe that the contents of this lengthy volume speak for themselves in representing a
significant advance in our knowledge of the structure and nature of the galaxy. They repre-
sent a presentation and a theoretical synthesis of observations over the entire range of the
electromagnetic spectrum from the radio to the y-ray range, possible here for the first time.
We feel that they also show the success of the concept of holding such an interdisciplinary
symposium in benefiting all of the participants as well as the general scientific community.

C. E. Fichtel

F. W. Stecker

NASA/Goddard Space Flight Center
Greenbelt, Maryland
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OPENING REMARKS

John F. Clark
Director*
NASA/Goddard Space Flight Center
Greenbelt, Maryland 20771

It gives me great pleasure to welcome you to Goddard Space Flight Center to participate in
our second international Gamma-Ray Symposium. We are all happy to see that so many dis-
tinguished members of the international scientific community are with us today.

There has been a deep interest in y-ray astronomy at Goddard since shortly after Goddard
was formed —not only because it was realized that the space age permitted this new astronom-
ical window to be opened, but also because of the great significance of y-ray astronomy which
arises from its very direct relationship to the iargest transfers of energy occurring in astro-
physical processes.

At the time of the first international y-ray symposium held here at Goddard just over 3 years
ago, shortly after the launch of SAS-2, I expressed the hope that it would be the first of many
fruitful international y-ray symposia. That hope has become a reality. In the following year,
our colleagues at the European Space Agency held a symposium at Frascati in preparation for
COS-B, the first results from which we will hear about this morning. ESA has also planned

a symposium in the near future which, we are certain, will also be very successful.

The progress in y-ray astronomy over the last 3 years has been very encouraging. The first
fairly definitive results are now beginning to emerge particularly in regard to the galactic
plane, and, as they do, great interest is evolving in the interrelationship between galactic
structure, cosmic-ray origin, the cosmic-ray distribution in the galaxy, and y-rays. Point
sources are also beginning to emerge with one of the great surprises being the identification
of several «y-ray pulsars with their radio counterparts. We are, of course, pleased at the active
role that Goddard has been playing in both the observational and theoretical aspects of this
work. ‘

Our meeting this week will be of a somewhat different nature than the first symposium. It
will address itself primarily to a particular task, namely that of determining the relationship
of the new galactic y-ray results to the overall problem of the structure, content, and dy-

namics of the galaxy. To this end, distinguished colleagues from other scientific disciplines

*Dr. Clark retired as Director of the Goddard Space Flight Center on July 1,1976.
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of observational and theoretical astronomy and astrophysics have been invited to report

and review recent advances in these fields which also bear on these problems. We are con-
fident that the interaction of knowledgeable scientists in these various fields will greatly -
further progress in determining the nature of our galaxy and its contents, through both
dialogue and inspiration. Periods of free discussion and a panel discussion have been planned
to further that dialogue.

L

The recent NASA report on the ““‘Outlook for Space” to the year 2000 lists many questions
which it is hoped that both NASA and the world space community will help to answer, and
v-ray astronomy should be prominently involved in the solution of these problems. To this
end, this symposium, together with the one sponsored by ESLAB in the spring of next year
should act as a strong catalyst to stimulate even further continued strong research in this
very important scientific field.

On that note for the future, I would once agam hke to thank you all for commg, welcome
you to Goddard, and wish you the greatest success m your present work



SAS-2 GALACTIC GAMMA-RAY RESULTS—I‘. DIFFUSE EMISSION

D. J. Thompson, C. E. Fichtel, R. C. Hartman,
D. A. Kniffen, G. F. Bignami,* and R. C. Lamb**
Laboratory for High Energy Astrophysics
NASA/Goddard Space Flight Center
. ~Greenbelt, Maryland 20771

H. Ogelman, M. E. Ozel, and T. Tumer
Physics Department. :
Middle East Technical Umverszty, Ankara Turkey -

Ai}STRAcr |

Continuing analysis of the data from the SAS-2 high energy y-ray

“experiment has produced an 1mproved plcture of the sky at photon
energies above 35 MeV. On a large scale, the diffuse emission from
the galactic plane is the dominant feature observed by SAS-2. This
galactic plane emission is most intense between galactic longitudes
310%nd 45°, corresponding to a region within 7 kpc of the galactic
center. Within the high-intensity region, SAS-2 observes peaks
around galactic longitudes 3159 3305 3452 0% and 35°. These peaks
appear to be correlated with galactic features and components such
as molecular hydrogen, atomic hydrogen, magnetic fields, cosmic-
ray concentrations, and photon fields.

INTRODUCTION

Because high-energy v-rays can be produced by a variety of mechanisms, observations of
galactic y-radiation can provide information about many different galactic components.
Gamma-rays originating from neutral pions produced in collisions between cosmic-ray
nucleons and interstellar matter, for example, are related directly to the product of the
cosmic-ray and matter densities. Bremsstrahlung y-rays represent a probe of the cosmic-
ray electron and interstellar matter distributions, while inverse Compton -y-rays relate the
cosmic-ray electrons to the photon fields in the galaxy. By combining the y-ray measure- ;
ments with other observations related to these galactic components, it may be possible to

*NAS-NRC Postdoctoral Research Associate 1973-75.
**On faculty leave from Iowa State University during 1975-76.
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obtain a more complete picture of the galaxy than would be possible with any single set

of observations alone. In simplest terms, then, the goal of this paper will be to present the
Small Astronomy Satellite-2 (SAS-2) results in their current form and to attempt to indicate
how these y-ray observations may be related to other constituents of the galaxy.

EXPERIMENTAL

The SAS-2 experiment, the calibration procedure, and the methods of data analysis have all
been described by Derdeyn et al. (1972) and Fichtel et al. (1975). The detector is a digitized,
wire-grid spark chamber which uses as a triggering telescope an anticoincidence scintillator
dome, a set of scintillators, and a set of Cerenkov detectors. The energy threshold is some-
what less than 30 MeV, photon energies can be measured up to approximately 200 MeV,

and an integral intensity can be obtained above 200 MeV. The two-dimensional angular
resolution for y-ray energies above 100 MeV is between 3%and 4°, depending on the incident
spectrum..

Results from most of the SAS-2 observations along the galactic plane have been published
previously (Fichtel et al., 1975). Since the time that these results were compiled, however,
a number of changes have taken place to give improvements in the results:

®  New orbit-attitude solutions have been obtained for portions of the data. These
solutions have provided greater accuracy for portions of the data already analyzed
and have permitted the analysis of additional data for which no orbit-attitude
information was previously available.

®  Some additional telemetry data became available.

®  Aslightly different method of computing arrival directions for individual
«y-rays was incorporated into the data-analysis system.

®  Some inconsistencies in data analysis procedures between different observing
periods were removed.

Two important features of these improvements should be emphasized. First, none of the
adjustments changes any of the large-scale features of the results. At most, these modifica-
tions enhance the statistics for certain regions of the SAS-2 exposure and slightly alter the .
small-scale picture of the y-ray sky. Second, at present, not all of these changes have been
included in the SAS-2 data base. Work is continuing on incorporating these changes.

The reader is cautioned that the SAS-2 results presented here are not in final form, although
the regions around the galactic center and the galactic anticenter have been updated.

RESULTS OF LARGE-SCALE SAS-2 OBSERVATIONS

One of the most graphic ways of viewing the y-ray sky is shown in the map of y-ray flux
contours in figure 1. A description of the construction of this map will indicate its values
.and limitations. The entire celestial sphere is divided into 20,736 bins of equal solid angle.
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Figure 1. Contour map of y-ray intensities
observed by SAS-2 at energies above 100

MeV. The dashed line shows the limits of

the SAS-2 exposure. In units of 104 photons

em? s g , the contours are 5.1, 4.0,
3.0,2.1,1.3,and 0.7. The highest and o"

lowest contours are darker than the others.

...................................

The bins are separated by 2.5° in galactic longitude throughout the sky. The latitude bins
have widths adjusted to maintain the equal solid angle, At the galactic equator, the bins have
a latitude width of about 0.7°. For each bin, the number of detected photons within the bin
is divided by an exposure parameter (the sensitivity of the observations at that bin) te yield
a y-ray intensity. The intensities obtained in this way are smoothed by combining bins,

and contours of equal intensity are then drawn, using the centroids of the bins to represent
the bin positions. Because of this smoothing procedure, this sky map is most useful for
examining large-scale features. Any single feature observed in this plot-has a positional
uncertainty of +2°.

As can be seen in figure 1, the SAS-2 observations used for this plot cover about one-half
of the galactic plane in longitude and a range of galactic latitudes from well below the
plane to the north galactic pole. The lowest y-ray intensity contour lies at a value about
three times greater than the diffuse flux observations by SAS-2 (Fichtel et al., 1975).

Only y-rays with measured energies greater than 100 MeV were used. Clearly, at this inten-
sity level, the only significant features in the y-ray sky are those associated with our own

galaxy.

In terms of y-ray emission, the galactic plane can be roughly divided into two regions. The
section of the plane between galactic longitudes 310%nd 45°, surrounding the galactic center,
is an intense ridge. The entire range stands out above all other parts of the y-ray sky, but
prominent peaks and valleys are visible within the region. The remainder of the galactic
plane resembles the section in figure 1 between 45°%nd 120° longitude. The plane stands out
clearly above the diffuse background, but at a significantly lower level than the central
region.
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Within the intense central region of the plane, four peaks are visible on the contour plot,
centered on longitudes 315°, 330°, 0°, and 35°. The single most intense region observed by
SAS-2 is the section of the plane around 330°. On a finer resolution scale, what appears

as an elongated peak in figure 1 is actually two separate intense peaks, one centered on

330° and the other centered on 345°. In terms of galactic structure, the entire intense =~
region encompasses the part of the galaxy within about 7 kpc of the galactic center. The
discussion of how these observations may be related to other components of the galaxy

will be postponed until the following section, ‘“‘Discussion.” -

The parts of figure 1 away from the central ridge also show some features, the most proml- ,
nent of which appears at galactic longitudes centered on 75° to 80°. Although this excess

is not as intense as any of the peaks around the galactic center, it does stand out from the
parts of the plane on either side. Other apparent features between 50° and 120° are all of
low statistical significance, as is the small regior at galactic latitude -35°. By contrast, the
excess extending from the galactic plane up to latitudes about +15° above the galactic
center lies in a region of high exposure by SAS-2 and may very well be significant.

Figure 2 shows the SAS-2 data above 100 MeV summed as a function of galactic latitude.

for the regions around the galactic center and the galactic anticenter. Asin figure 1, the
dominance of the galactic emission over the diffuse radiation is clear, even for the anticenter
region where the plane is relatively weaker. In the center region, the data has been largely -
updated with the changes discussed in the “Experimental” section. The principal features. :
of these results are the same as those discussed by Fichtel et al. (1975). The latitude distri-
bution in the center longitude range is broader than would be expected from the detector 5
resolution alone. Two components, a narrow one with the detector resolution and a broader
one with a gaussian 1 ¢ of 6° to 7° are needed to give a good fit to the data. The ;esplutio&
limited component represents at least one-half the total radiation. This narrow component
must originate either from localized sources or from features with a width comparable to
the galactic disk thickness at a distance greater than 2 kpc. The broader component b’pﬁfd' ‘
originate either from the nearby galactic disk or from a more distant component witha '
greater thickness. In the anticenter direction, the observed y-radiation has a distribution
significantly broader than the detector resolution, suggesting that most of this radlatxon
originates in nearby regions, as would be expected from the posmon of the solar system e
in the galaxy. o

One additional aspect of the latitude distribution deserves mention. In the galactic center
region, the intensity is somewhat higher on the positive side of the plane than on the nega--
tive side. In the anticenter region, the intensity is higher on the negative side of the plane
than on the positive side. These excesses are also visible in figure 1 and the anticenter flux’
‘contour plot of Hartman et al. (1976).  Although these regions of greater intensitjf are dif-
ficult to localize, their general position suggests an 1dent1ﬁcat10n with the local dlstnbutlon
of stars and gas known as Gould’s Belt.
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The distribution of high-energy y-ray emission as a function of galactic longitude is one of
the most useful observations for relating y-ray results to galactic structure. Figure 3 shows
the SAS-2 data summed between -10° < b <+ 0° in longitude bins 2.5°wide. Two im-
portant considerations concerning this data are: First, the 2.5° bin size is smaller than the
SAS-2 resolution for y-ray energies above 100 MeV. Even a point source will appear with
finite width on this plot. Second, not all the data shown here have been updated with the
changes discussed in the “Experimental” section, particularly in regions away from the
galactic center. Even though these changes are not expected to alter any large-scale features,
any individual point may show a noticeable adjustment in the final analysis. In short, no
single bin on this present longitude plot should be taken by itself as decisive.

Figure 3 emphasizes many features of the galactic plane which were visible in figures 1 and
2: (1) the dominance of the plane itself above the diffuse background, (2) the strong con-
trast between the galactic center region and the rest of the galactic plane, and (3) the non-
uniformity of the high-intensity region around the galactic center. In the part of the plane
away from the galactic center, four peaks above the general plane emission can be seen.
Those associated with the Crab (Kniffen et al., 1974) and the Vela supernova remnant
(Thompson et al., 1975) have been discussed in detail previously. The regions around longi-
tudes 75° and 195° have not been definitely identified with known sources (Fichtel et al.,
1975), but available evidence points to their being localized rather than extended sources
(Kniffen et al.," 1975; Hartman et al., 1976). o

In the region of strong y-ray emission between 310° and 45°, five peaks stand out. These
peaks are centered on longitudes 315°, 330°, 345°, 0°, and 35°. From figure 1, all of the peaks
could be seen to lie on the galactic plane itself, within uncertainties. Because the peak near
315° lies relatively close to the limit of the SAS-2 exposure, its overall significance is the
smallest of the five. The peaks at 330° and 345° are sufficiently narrow to be consistent with
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Figure 3. Distribution of high-energy > 100 MeV) y-rays along the galactic plane. The SAS-2 data are
summed from b'' = -10°to b'! = +10°. The diffuse background is shown as a dashed line. Arrows
mark the locations of localized sources. The open circles give the estimated galactic emission with local-
ized sources subtracted. Error bars shown are statistical only. An additional uncertainty of about

10 percent should be attached to the overall normalization.

the detector resolution, implying that they must be distant large-scale features or inteynse
localized sources. The fact that these peaks lie in a direction not far from the galactic center
suggests a large-scale rather than discrete origin for two reasons. First, the inner section of
the galaxy is the region most likely to contain cosmic rays and matter which produce diffuse
galactic y-rays. Second, unless a discrete source were extremely intense, it would have to

be relatively nearby in order to be seen against the general galactic background. This effect
is illustrated by the locations of two candidate y-ray pulsars in the general region around the
center (PSR 1747-46 and PSR 1818-04; Ogelman et al., 1976). Although these are identi-
fied y-ray sources, they contribute less than 10 percent of the intensity in any one bin in
figure 3. The enhancement in the longitude distribution around the 0° direction itself ap-
pears to be slightly broader than the detector resolution. Although this effect may not be
statistically significant, it suggests the possibility of an extended source in the galactic
center direction.
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DISCUSSION

Any attempt to interpret the galactic y-ray emission in terms of a model faces the difficulty
that the galactic components which produce y-rays (cosmic rays, interstellar matter, and
magnetic fields) are interrelated. Many different approaches to the problem can therefore
be considered. Bignami et al. (1975) have used the spiral pattern deduced from 21-cm data
in the galaxy as the basis for the matter and cosmicray distributions. Stecker et al. (1975)
started with the distribution of molecular hydrogen in the galaxy estimated from 2.6-mm
carbon-monoxide emission. Fuchs et al. (1975) developed a model based on the magnetic
field configuration in the galaxy. Paul et al. (1975) used radio measurements of the synchro-
tron radiation to estimate cosmic-ray and matter distribution. Cowsik and Voges (1975)
studied the possible inverse Compton component of the radiation by uvsing a model for the
starlight distribution in the galaxy. All of these models have had some success in interpreting
either part or all of the SAS-2 y-ray observations. Instead of reviewing such models in

detail or proposing a new mode}, this discussion will attempt to show how the y-ray results
themselves motivated the various approaches.

One of the key questions in studying the galactic emission is the production mechanism for
the y-radiation. The available data (Samimi et al., 1974; Fichtel et al., 1975; Sood et al.,
1975) suggest that the dominant source of high-energy ( > 100 MeV) y-rays is neutral pion
decay, and the dominant source of medium energy (< 50 MeV) y-rays has a spectrum like
that expected from inverse Compton scattering or electron brémsstrahlung. The high-energy
radiation then reflects the product of the matter density and the nucleonic cosmic-ray
density along a given line of sight. In order to calculate the medium-energy component,
knowledge is needed of the cosmic-ray electron density, the matter density, and the photon
density as a function of position in the galaxy. Some information is also needed about the
degree of association ot coupling between the various components. No single aspect of this -
problem can be considered to be definitively understood at present, and.one of the special
advantages of y-ray astronomy lies in its unique ability to probe the galactic cosmic-ray
distributions in conjunction with other galactic components.

In studying the spatial distribution of the observed y-radiation, as summarized in figures 1,

2, and 3, the most important features are: (1)-the broad relatively flat excess around the
galactic center and the contrast between this excess and the anticerter regions; (2) the specific
nonuniformities within the high-intensity central sector; and (3) the resolution-limited and
broader components of the latitude distribution in the galactic center region. Each of these
features contains important information about the distribution in the galaxy of the com-
ponents responsible for the y-radiation. ‘

The center-to-anticenter intensity ratio does not appear to be explainable strictly in terms
of the galactic interstellar matter distribution. The neutral hydrogen distribution as meas-
ured by 21-cm radio observations shows far less contrast than the y-ray observations. The
2.6-mm observations of CO, considered to be a tracer of molecular hydrogen, do show a
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strong contrast as a function of ‘galavctic radjus, but the peak of this distribution lies at a
radius between 4 and 6 kpc from the galactic ¢enter. Such a distribution alone could not
account for the high-intensity ridge extending from 310° to 45° (Stecker et al., 1975). The
failure of the galactic matter distributions to explain the y-ray distribution is a strong argu-
“ment that the cosmic rays which interact with the matter are themselves not uniform in the
gal‘axuy‘—an argument which supports the galactic origin for the bulk of the cosmic rays.

If it is assumed that the expansive ;prSSSures of the kinetic ghotioﬁ of the gas, the cosmic rays,
and the magnetic fields in the galaxy can only be contained by the mass of the gas, then
some degree of correlation would be expected between the matter density, the magnetic
field and the cosmic-ray density, at least on a large scale (Bignami et al., 1975). This ap-
proach suggests that the synchrotron emission from cosmic-ray electrons interacting with
the magnetic fields might show some of the same features as the ~y-ray emission Originating
from cosmicray nucleons interacting with interstellar matter (Paul et al., 1974). A éompari—
son of figure 1 with the 150-MHz map of Landecker and Wielebinski (1970), reproduced

in figure 4, shows that this is indeed the case. In particular, the synchrotron measurements
show the same strong center-to-anticenter contrast as seen in the SAS-2 results. On a
galaxy-wide scale, then, these radio measurements seem to support the concept of coupling
between the matter density, the magnetic field, and the cosmic-ray density.
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Figure 4, Map of 1’5‘0-_MHZ brightness temperatures in galactic coordinates
1 ' {L.andecker and Wielebinski, 1970).
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The five strong peaks in the y-ray data surroundmg the galactlc center offer addrtronal clues
to the ongm of this high-energy radiation. Under the general assumptlon that oursis.a sprral
galaxy (although the pitch angle of the spiral may be small i in some reglons), apeakin the.
yray data implies a long line of sight through a region of hlgh emrssmty, such as along a spiral
feature. For example, the direction of the 35° peak, would be tangent to a galactic arm at

a radius of about 6 kpc. This direction is roughly coincident with the observed peak in the
molecular hydrogen distribution and with one of the arms which has been observed in 21-cm
neutral hydrogen measurements.” The fact that this is the only strong peak observed‘between
the galactic center and 45° longitude is a strong motivation for consadermg the molecular
hydrogen as' the principal source of the y-radiation. - Co ‘ '

Because relatlvely httle is known about condrtrons at the center of the galaxy, the somewhat
broadened peak close to the galactrc center may have several orlgms. Radro observatlons L
1nd1cate that neutral and molecular hydrogen are not partrcularly abundant over the general ,
galactrc center regron “If this y-ray peak is attributed to cosmrc—ray/matter interactions, -
either the cosmrc-ray intensity would have to be much hrgher m the galactrc center thanin
other parts of the galaxy or the matter would have to be i m some unseen form such as ion-
ized gas. The fact that the galactrc center 1s a strong source, of radio, infrared, and X-1ay
emission suggests thé possibility of disérete source contnbutrons, although the mten31ty ap-
pears rather large to be explained by any one y-ray source at such a large distance. Another
possibility is an inverse Compton contribution resulting from an increase in the cosmi¢-ray
electron density and the starlight density toward the galactic center. Such a component
would be strongly peaked toward 0° longitude, as shown, for example, by Cowsik and Voges
(1975). The central peak in the SAS-2 longrtude distribution could also be made up of sev-
eral components. Until more is learned about the- galactic center region, it will be difficult
to determine whether this y-ray excess has an origin snmlar to the other peaks in the data

or whether it represents a unique Y-Tdy source. :

The three peaks observed between 310° and the galactic center direction all comcrde wrth )
spiral arm featuresin the Simonson (1976) prcture of the galaxy, based on 21-cm measure- ‘l
ments and the dens1ty wave theory.‘ Because the observed densities of neutral hydrogen in
these arms are not extremely high, @t strong correlatron between the: cosmrc—ray densrty and
the matter density in this region would be necessary in order to explain the results: solely :
in terms of these features (Brgnam1 et al.; 1976). In the absence of any CO measurements
of this region of the sky to indicate where molecular hydrogen might be concentrated, one
possibility would be to assume some sort of symmetry with the opposite side of the galactic
center. The molecular hydrogen might then be found at the position of the 330° feature.
Some other explanation would then be needed for the other two peaks in this region. An .
alternate possibility, suggested by Fichtel et al: (1976) is that the molecular hydrogen den-
sities are high, as observed around the 35° direction, but that the cosmic rays are more ‘
strongly coupled to the diffuse neutral hydrogen than to the high-density clouds of molecular
hydrogen. One additional observation which might tend to support such a concept is the
150-MHz sky map (Landecker and Wielebinski, 1970), which shows the 310°to 45 °.segment
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of the galactic plane to be an intense source of synchrotron radiation, with an additionally
intense ridge between 330%nd 0° longitude. As mentioned before, this radio observation
would suggest a strong coupling between the cosmic-ray electrons and the magnetic ﬁeld
with an implied coupling to the distributed matter in the same region. T
Finally, the two-component nature of the observed y-ray latltude dlstnbutlon isa somewhat
unexplored subject. The most likely explanation of the broad component of the latltude
distribution toward the galactic center is that this radiation is originating from reglons close
enough to the solar system that the galactic disk itself appears broader than the detector
resolution, and the resolution-limited component originates from more distant parts of the
galactic plane. A small contribution to the broad component could come from an extension
of the cosmic-ray disk above the disk defined by interstellar matter, although Bignami et .
al. (1975) have shown that a broader cosmic-ray disk would have little effect. Another = -
small contributor to the broad-latitude component could be inverse Compton y'rays pro- "
duced by cosmic-ray electrons and starlight or 3°K radiation, because both stars and cosmic-
ray electrons are thought to extend above the interstellar gas disk. Addmonal work on the
SAS-2 data, studying only the broad-latitude component, may reveal additional mformation
about the nature and origin of this radiation.

In summary, the SAS-2 results have shown that high-enetgy y-rays aré an excellent tracer

of the components and structure of the galaxy. The y-ray evidence for a galactic origin of
cosmic rays is strong, and the combination of y-ray data with measurements at other wave- -
lengths provides useful information about the dynamic processes coupling the matter, mag-
netic fields, and cosmic rays in the galaxy. As more y-ray data and more data from other
sources become available, some of the prospects and possibilities which have been raised ’
by SAS-2 should become a greatly improved picture of our galaxy. :

b g
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SAS-2 GALACTIC GAMMA-RAY RESULTS—II. LOCALIZED SOURCES
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ABSTRACT

Gamma-ray emission has been detected from the radio pulsars

PSR 1818-04 and PSR 1747-46, in addition to the previously re-
ported y-ray emission from the Crab and Vela pulsars. Since the
Crab pulsar is the only one observed in the optical and X-ray bands,
these y-ray observations suggest a uniquely y-ray phenomenon occur-

" ring in a fraction of the radio pulsars. Using distance estimates of Taylor
and Manchester (1975), we find that PSR 1818-04 has a y-ray luminos-
ity comparable to that of the Crab pulsar, whereas the ,luminés_iti_es of
PSR 1747-46 and the Vela pulsar are approximately an order of magni--
tude lower. This survey of SAS-2 data for pulsar correlations has also
yielded upper limits to y-ray luminosity for 71 other radio pulsars.
For five of the closest pulsars, upper limits for y-ray luminosity are
found to be at least three orders of magnitude lower than that of the
Crab pulsar.

The vy-ray enhancement around galactic coordinates F = 195°,
bl = +5° is probably not associated with the recently discovered Milky
- Way satellite galaxy (Simonson, 1975), because its position seems to be
incompatible, and its intensity appears to be unreasonably high. The
" enhancement near the galactic plane in the Cygnus region, although con-
sistent with the location of a galactic spiral-arm feature, is sufficiently
well-localized to be compatible with a point-like source.

*On faculty leave from Iowa State University during 1975-76.
**NAS-NRC Postdoctoral Research Associate, 1973-75.
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INTRODUCTION

Three years ago, at the time of the Denver Cosmic Ray Conference, there was only one con-
firmed y-ray point-source observation of high statistical weight, the Crab Nebula. Some re-
sults from balloon-borne experiments indicated excesses of three or even four standard-deviation
significance; however, with the exception of observations of the Crab pulsar, none of those
results were convincingly confirmed.

At the present time, analysis of the SAS-2 data is nearing completion. In addition to the
general galactic-plane emission discussed in the previous paper, the SAS-2 y-ray telescope
also recorded a number of localized regions of enhanced y-ray emission, all within about
10° of the galactic plane.

RESULTS

In the general direction of the galactic anticenter, two enhancements are seen in the SAS-2
data above the background, about 12° apart. This region has recently been reanalyzed, as
discussed in the previous paper, with the result shown in figure 1. The two enhancements
are clearly separated. One of them is obviously associated with the Crab Nebula, because

a large portion of its emission is pulsed at the period of the Crab pulsar. In deriving a total
intensity for the Crab source, some uncertainty is encountered in estimating the diffuse
background to be subtracted. A recent reanalysis yields a total intensity above 100 MeV of
(3.7£0.8) X 10% cm? s, in agreement with the preliminary SAS-2 result (Kniffen et al.,
1974). Figure 2 shows the result of folding individual event times at the predicted radio
pulsar period. The y-ray emission is found to be strongly pulsed, with structure and phase
similar to those of radio, optical, and X-ray bands. The pulsed intensity is (2.9+0.5) X

10% cm? s above 100 MeV. Thus, the pulsed emission accounts for most, if not all, of
the enhancement seen in the Crab region. The spectrum of the Crab y-rays is consistent with
a power-law extrapolation from X-ray energies for both the pulsed and the total intensities.

The strongest source observed by SAS-2 is associated with the Vela supernova remnant. The
surprising discovery (Thompson et al., 1975) is that a major part of the Vela y-ray flux is
pulsed at the radio period, although no pulsation is observed in the optical range and no con-
firmed observation of pulsation has been made in the X-ray range. Still more intriguing are
the facts that the y-radiation is double-pulsed and that neither pulse is in the phase with the
single radio pulse. Figure 3 shows the dramatic difference in the pulsed behavior of the Crab
and Vela pulsars in the radio, optical, X—ray and 7y-ray energy ranges. Although the Vela pulsar
is a brighter y-ray source than the Crab as seen from the Earth, the y-ray luminosity of the
Crab pulsar is about eight times that of the Vela pulsar above 100 MeV. In contrast, the
luminosity ratio Lop .5 / Lygpa in the X-ray region is at least 80 (Frifz et al., 1971; Harnden
and Gorenstein, 1973) at 1 keV, and may be 1000 or more in the 1.5-to 10-keV band (Rappa-
port et al., 1974).

The energy spectrum of the Vela source is essentially the same as that of the galactic plane,
within the detector ability to see a difference. Furthermore, the pulsed fraction is independent
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LATITUDE

of energy, again within the detector limi-
tations. For all energies combined, the
pulsed fraction is 70 +14/-12 percent. The
total flux above 35 MeV is (15.12.4) X
10% cm? s, and above 100 MeV, (6.3%
1.1) X 10% ¢m™ s,

Thompson (1975) has proposed a model
for the Vela pulsar in which the radio
emission originates near the polar surface
of a neutron star which has its magnetic
dipole axis roughly perpendicular to its
spin axis. The y-ray emission then arises
from synchrotron radiation in the region

“where the polar-field lines reach the speed- '

of-light cylinder. In each case, the photons
are emitted roughly along the magnetic-
field lines, and the spiral shape of the field
lines produces the observed 13-ms delay
between the radio pulse and the y-ray
pulse. The double-pulsed y-ray structure

Figure 1. Contour plot of the intensity of y-rays
with energy > 35 MeV from the galactic anticenter
. region. The contour lines represent 75, 66, 57,
48, 39, 30, and 21 percent of the maximum value,
425X 104 cm2 o1 571,
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Figure 2. Phase plot for y-rays (E > 35 MeV) from
the Crab Pulsar (NPO531+21). The arrows marked
M and | indicate the positions of the main radio
pulse and the interpulse.

is explained by assuming that the y-rays are emitted in a broader cone than the radio
emission, and that y-ray emission is observed from both magnetic poles, but radio emission
is observed from only one pole. Obviously, this picture does not apply to the Crab pulsar.
Its different phase structure and spectrum indicate that a different mechanism is probably

responsible for its y-ray emission.
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The observation of y-rays from the Vela pulsar, which is not seen in the optical or X-ray
regions, suggests that other radio pulsars might be observable at y-ray energies. Of the 147
known radio pulsars, 134 were within the region of the sky observed by SAS-2. For 59 of
these, however, the period and period derivative were not known with sufficient accuracy
to give adequate phase information during the SAS-2 observations. This leaves 75 pulsars
available for study, two of which have already been discussed—the Crab and Vela pulsars. " -
For the remaining 73, a search has been made for y-ray pulsation at the predicted radio
periods. In two cases, phase distributions were obtained which are relatively improbable.
The phase plot for PSR 1818-04, with a period of about 0.6 s, is shown in figure 4. The
position of the radio pulse is shown by the arrow marked “R.”

The chance that a distribution like this might occur randomly in one of the 73 pulsars is
about 0.3 percent. The contour plot shown in figure 5 indicates an enhancement, not
significant by itself, in the appropriate region for this pulsar. The pulsed flux above 35 MeV
found for PSR 1818-04 is (2.0+0.5) X 10% cm? st.

The phase plot in figure 6 is for y-rays from the region around the pulsar 1747-46, which
has a period of 0.742 s. There is a chance probability of about 0.6 percent of seeing it in
one of 73 distributions. Because PSR 1747 lies 10° south of the galactic plane at a galactic
longitude of 345°, it is feasible to look for an enhancement in the total y-ray flux from that
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Figure 4. Phase plot for y-rays (E >
35 MeV) from PSR 1818-04. The
arrow marked “R”’ is the position of
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Figure 5. Contour plot of the intensity of y-rays
with energy > 100 MeV for galactic longitudes be-
tween 270° and 90°. The contour lines represent
81,63,47,33, 21 and 11 percent of the maximum,
which is 6.3 X 104 cm? s 571,

region. The contour plot in figure 5 shows a bump in
the proper region; a more careful analysis, using a band
of latitudes from -6° to -14° to estimate background,
yields a 3¢ positive result. This independent evidence .
enhances the significance of the pulsed result.

The total flux obtained for PSR 1747-06 is (1.6£0.6) X
lO'6 cm? s1 above 100 MeV. For pulsed flux above ‘
100 MeV we find a value of (6.5+£3.3) X 107 cm™ st
based on only six events. Above 35 MeV, the pulsed-
flux is (2.40£0.7) X 10® cm? s1. We note that the
delay between the radio pulse and the y-ray pulseis
115420 ms, or 0.16%0.03 of a pulse period. This delay
is very close to that between the radio pulse and the
closer of the two vy-ray pulses for the Vela pulsar of
0.15£0.02 period.
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Thus, we now have strong evidence of four radio «y-ray pulsars, only one of which (the
youngest) is detectable at optical and X-ray energies. Several obvious questions immediately
come to mind. For instance, what fraction of the energy lost by the pulsar goes into y-
radiation? If we know the period and its derivative and assume a moment of inertia of 1045
g cm?, we can estimate the pulsar’s rotational energy loss rate from

dE, . 4n?IP

—R=1QQ= ———

dt p3
where £2, €, P, and P are the angular frequency and period and their time derivatives, and I
is the moment of inertia.

For the y-rays, we assume a radiating cone of 1 sr and a typical energy of 100 MeV, with the
result shown in figure 7. We see that the Crab and Vela pulsars are apparently radiating only
103 to 107" of their energy in y-rays. Pulsars PSR 1747 and PSR 1818, however, seem to be
radiating a major fraction of their energy in this range. The apparent excess of the y-ray
luminosity over the energy loss rate for PSR 1818 is attributable to large uncertainties in both
the pulsar moment of inertia and the width of the y-ray emission cone.
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Figure 7. Observed y-ray luminosities and upper limits as a function of
pulsar rotational energy loss rates, from Taylor and Manchester {1975).
Open circles are the Crab (Kniffen et al., 1974} and Vela puisar (Thomp-
son et al.,, 1975) observations. The open boxes are for PSR 1747-46

and PSR 1818-04. Distance estimates from Taylor and Manchester
(1975) were used in calculating luminosities. Error bars reflect only
v-ray flux uncertainties. The line indicates the condition in which all
pulsar rotational energy loss appears in the form of y-rays.
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We can also compare the pulsar luminosities and upper limits with apparent ages, P/2f’, as
shown in figure 8. No simple relationship is obvious between y-ray luminosity and apparent
age; however, it is worthwhile to note that all four of the pulsars for which y-ray pulsations
have been observed show ages less than about 108 years, whereas most of the pulsars included
in the study have ages greater than 108 years. This suggests, although not conclusively, that
~-ray luminosity decreases rapidly for pulsars older than 10° years, as is the case for radio
luminosity. ‘ :

38} ‘ v " g 4 vy M .
Figure 8. Observed vy-ray luminosities and
upper limits as a function of apparent age,
P/2P. See caption for figure 7.
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If y-ray emission is a fairly general property of pulsars, as now seems possible, it is natural

to ask what portion of the y-ray luminosity of the galaxy is attributable to pulsars. Because
no y-ray pulsars are presently seen with ages greater than about 10® years, we use that figure
as the pulsar y-ray lifetime. If pulsars are created in the galaxy at the rate of one every 100

years and each radiates for 10® years a y-ray luminosity of 1037 photons s above 35 MeV,

we find a contribution of 10*! s, or about 5 percent of the luminosity of the galaxy due to
cosmic-ray interactions.

One region of enhanced y-ray intensity has been observed with SAS-2 which has not been
clearly identified with any known object. In the region of the galactic anticenter, there is

a major flux enhancement centered at approximate galactic coordinates 2 = 195°, bll = +5°,
This source has an intensity comparable to that of the Crab for energies above 100 MeV.
However, it appears on the basis of limited statistics to have a somewhat flatter spectrum,
because it stands out most prominently as a localized source for energies above 100 MeV.
Lamb et al. (1975) have investigated the possibility that this source might be associated
with the recently discovered (Simonson, 1975) satellite galaxy near the Milky Way. They
concluded that the association is unlikely for two reasons: (1) the position obtained for
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the y-ray source is at least five standard deviations from the position given by Simonson {(1975);
and (2) from Simonson’s (1975) estimates of the distance and mass of the new galaxy, it
appears that its cosmic-ray density would have to be hearly two orders of magnitude greater
than is observed locally if its emission is assumed to be due to cosmic-ray interactions. Similar
conclusions have been reached by Cesarsky et al. (1976) and Bignami et al. (1976). Several
supernova remnants are known in the same general direction as that of the unidentified y-ray
enhancement, but the closest, IC 443, is more than 4°, or at least 50, from the y-ray source.

Very recently, we have found evidence for possible periodicity in this source, with a period
of about 1 minute. This possibility was first noticed by examining the time intervals between
individual y-rays from the source. Figure 9 lists all pairs of events near 2% = 195°, bl = +5°
which occurred during single SAS-2 orbits during 1 week of observation. (The SAS-2 tele--
" scope was recording celestial y-rays for about 60 percent of each 95-minute orbit.) It was
noted that the shorter intervals all appear to be approximate multiples of the shortest inter- -
val, 57.7 seconds. By assigning integer factors of multiplication, a better value of the hypo-
‘thetical period was found, as shown in figure 9.. The probability that this indication of
periodicity is a chance regularity is estimated to be 1 or 2 percent. A folding search of the-
threé observing intervals, each 1-week long, showed evidence for periodicity, but the inter-
vals showed slightly different periods, consistent with a period increasing at a rate of 2.2 X
10°. Figure 10 shows the resulting phase plot. In view of the number of trials used and
the added degree of freedom in assuming a nonzero P, we feel that the evidence for this
periodicity is not"statistically compelling, but must await confirmation. However, this un-
identified object, which presently appears to be a uniquely y-ray phenomenon, is certainly
one of the important experimental problems in y-ray astronomy.

The final source we will mention is in the Cygnus regibn near the galactic 'plane at a galactic
longitude of about 77°. It has been pointed out previously that this enhancement, which i is
clearly seen in the contour map of figure 5, i$ in about the samé position as the local spiral
arm seen in 21-cm radio measurements, and therefore might be'a galactic-arm feature rather
than a point source. Reanalysis of the 2 weeks of observation indicates, however, that the
enhancement is compatible with a point-like source and is considerably narrower in longi- - -

- tude than the calculated width of about 15° fora galactic-arm feature in this direction (e.g.,
Bignami et al., 1975). If a galactic-arm feature is 200-pc thick normal to the galactic plane
and is 1 to 2 kpc away, its observed latitude extent would be 5° to 10°, which i is also probably
incompatible with the observations.

The observed position is consistent with that of Cygnus X-3, a prominent X-ray source
modulated with a 4.8-hour period. The period and phase of the X-ray modulation are known
precisely enough to make a fold of the SAS-2 data at this period meaningful. However, this
period is almost exactly three times the orbital period of the SAS-2 satellite, and care is re-
quired in order to avoid a possible spurious indication of periodicity. Figure 11 shows the
result of folding the SAS-2 data at the known X-ray period of 4.8 hours. The bottom part
of the figure includes all data from the week of observation, Vv 90 percent of which are
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CLOSE PAIRS FROM DEC. 14-2,1972 DATA Figure 9. Time intervals between pairs of
: ASSUMED CALCULATED y-ray events from near £ P 195 b" 5
PAIR NO. At {SEC) MULTIPLE M A1/M(SEC)  MULTIPLE which occurred within smgle SAS 2 orbits
! 756.7 13 58.2 1294 (45-minute intervals).
2 652.8 i ' 59.3 1.16
3 1271.5 22 57.8 2174
4 s7.7 ! 5.8 0.99 y-rays not associated with the Cygnus
. 8 177.2 3 59.1 3.03 X 3 . Th 11 d 1 t
6 3471 6 5.9 5.3 X- r.eglon. . esn?a modulation seen
3 133.4 2 667 228 in this data is the direct result of the
8 1300.1 5 60.1 5.3 nearness of the orbital period to one-
° 519.2 9 577 . 8.88 third of the folding period. In the. .
10 1568.2 27 58.1 26.81 upper part of figure 11, only those
il 122.4 2 61.2 2.09 ra vent e Cy X 3 Sh
12 939.8 16 58.7 16.06 1y e' § n. ar. g.nus are snown.
— - There is clear indication of a 4.8-hour
TOTAL 6846.1 nz 58.5 . . . o
4 modulation in these y-rays witha
o PROBABILITY OF ALL minimum near the minimum pred'lc.;ted
NUMBER 12 PAIRS IN 0.6 PHASE from the X-ray data. The probability
OF PAIRS PLOT = 2.2x1073 R . . o
-PER PHASE : of finding this behavior by a random -
BiN L, fluctuation of a uniform time distri-
=5 =3 -1 4 35 bution is about 0.1 percent.
PHASE

The SAS-2 observations have also pro-
duced upper limits on y-ray fluxes from

a number of interesting astrophysical
objects In general, for objects away from the galactlc plane, these limits are around 10% -
cm? g1 for yrays above 100 MeV. Objects in this group include Cen A, Cas A, Tycho SNR,
M87, M31 Sco X-1, Cyg X-1, Cyg X-2, LMC, SMC, and Jupiter. We note that our upper .
limit.on Cen A does not contradict the Compton-synchrotron model recently proposed by
Grindlay (1975) for that object.

SUMMARY

SAS-2 has plfovided evidence for 'y—ray'em[issioh from four radio pulsars (the Crab and Vela
pulsars, PSR 1747-46 and PSR 1818-04). Three of the four have not been observed to pulse
at optical or X-ray energies. We have made a tentative identification of Cygnus X-3 as a -
ray source, with intensity modulated at the 4.8-hour period observed in X-rays. Finally, a

strong y-ray source seen near the galactic anticenter has not been identified with any known
object.

Past experience in astrophysics has shown that each time a new frequency band has been
investigated, totally new and unexpected objects and processes have been discovered. Gamma-
ray astronomy is apparently beginning to demonstrate this principle again.
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FOREWORD

The idea of a European mission for y-ray astronomy was first considered about 10 years ago
when an ESRO feasibility study was undertaken. Five University and Research Institutes—
Max Planck Institut, Garching; Cosmic-Ray Working Group, Leiden; Istituto di Scienze
Fisische, University of Milan; Centre d’Etudes Nucleaires, Saclay; and the Physical Laboratory,
University of Southampton—forming the Caravane Collaboration, then developed the mission
requirements and instrument characteristics. In May 1969, the Caravane Collaboration ap-
proached ESRO with a letter of intent, proposing that they produce the experiment for the

proposed COS-B satellite, and, in July 1969, the ESRO council formally approved the in-
clusion of COS-B in the organization’s scientific program.

Many scientists were already involved at this stage, but it is appropriate here that particular
mention be made of the senior members of the collaboration responsible for bringing the
idea of a y-ray mission to life:

H. C. van de Hulst, G. W. Hutchinson, J. Labeyrie, R. Lust,
G. P. Occhialini, C. Occhialini-Dilworth, and K. Pinkau.

In 1970, the Southampton group had to withdraw from the collaboration, and the remgining -
members invited the Space Science Department of ESTEC, lead by Dr. E. A. Trendelenburg,
to join the collaboration. At about the same time, the University of Palermo joined the.
Milan group for the provision of the X-ray detector.

During the course of the next 5 years, many scientists who were no longer directly involved
made v1ta1 contributions to the COS-B program, namely:

R. D. Andresen, I. Arens, P. Coffaro M. Gonsse, ,
- E. Pfeffermann, A. Scheepmaker, G. S}ronl, and W. H. Voges -

Supporting the scientists were the engineers, technicians, and programmers of the institutes
without whom the project could not have continued, including:

R. Duc, N. Heinecke, T. Hydra, P. Keirle, G. Kettenring,
E. Leimann, P. Mussio, R. Roger, and F. Soroka.

The authors cannot do better than to quote the words of H. C. van de Hulst, the chairman
of the COS-B Steering Committee, in an article written prior to the launch of the satellite
in August 1975:

(13

. ... I wish to thank each member of the Collaboration for his contri-
bution, members whose unrelenting input and caution in safeguarding
the technical and scientific quality of the experiment are the best guar-
antee of ultimate success.”

COS-B has now achieved 10 months of life in orbit and is repaying all the time and effort
expended over almost the last decade.



THE COS-B EXPERIMENT AND MISSION

The Caravane Collaboration

ABSTRACT

The COS-B satellite carries a single experiment, capable of detecting
y-rays with energies greater than 30 MeV. Its objectives are to study the
spatial, energy, and time characteristics of high-energy radiation of ga-

lactic and extragalactic origin. The capability to search for y-ray pulsa-

tions is enhanced by the inclusion in the payload of a proportional
counter sensitive to X-rays of 2 to 12 keV.

The experiment has been calibrated using particle accelerators. The
results of these measurements are presented, and the performance of
the system in orbit is discussed.

INTRODUCTION

The 'Eur'op'ean Space Agency’s satellite, COS-B, was launched from NASA’s Western Test
Range on August 9, 1975. Its mission is to study in detail the sources of Aeyxtraterrestrial
vy-radiation of energy above about 30 MeV. The principal objectives of this study are:

To investigate the spatial structure and energy spectrum of y-ray emission from
the galactic plane. '

To examine known or postulated localized sources of y-radiation, to determine
the energy spectrum of sufficiently strong sources and to search for time varia-
tions (long- and short-term) in their intensities.

~ ‘To measure the flux and energy spectrum of the diffuse radiation from high

galactic latitudes.

Two further objectives, defined duringAthe developmeht stages of the program, are a study
of the long-term variability of X-ray sources (Boella et al., 1974a) and a high time-resolution
study of cosmic y-ray bursts (Boella et al., 1975).

COS-B carries a single large experiment, which was designed, constructed, and tested under
the responsibility of a collaboration of research laboratories known as the Caravane Collabo-
ration. Members of this collaboration are:

Max Planck Institut fiir Physik und Astrophysik, Institut fiir Extraterrestrische
Physik, Garching-bei-Miinchen

29
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®  Service d’Electronique Physique, Centre d’Etudes Nucléaires de Saclay |
®  Cosmic-Ray Working Group, Huygens Laboratory, Leiden

® Laboratorio di Fisica Cosmica e Tecnologie Relative, Istituto di Scienze Fisische
dell’Universita di Milano

, ®  Istituto Fisica, Universita di Palermo
®  Space Science Department, ESA, Noordwijk-

The definition of the observation program and the analysis of the data are also collaborative
activities. :

INSTRUMENTATION

The experiment has been described in detail by Bignami et al., (1975). A sectional view of
the central detector is shown in figure 1. It features a 240- by 240-mm?2 16-gap, wire-matrix
spark chamber (SC) with magnetic-core readout. Interleaved between the gaps are 12 tung-
sten plates giving a total thickness of 0.5-radiation length for the conversion of incident

photons to electron pairs. The top gap and the bottom three gaps have no tungsten immedi-
ately above them.

The chamber is triggered by a coincidence pulse from a threeelement telescope. The field
of view of the telescope is defined by the 30-mm-thick plexiglas directional Cherenkov
counter C (Andresen et al., 1974b) and the 10-mm-thick plastic scintillation counter B2,
each of which is divided into four quadrants. The 4-mm-thick plastic scintillator B1
(Andrcsg:n etal,, 1974a) above counter C provides a measurement of the number of particles
leaving thecbottom of the spark chamber. The 10-mm-thick plastlc-scmtlllator guard counter
A, surr@undmg thespark chamber and Uipper part of the telescope,is placed in antlcomcl- . .
dence to e]ect tnggers due to mcident-charged partlcles EE

Beneatm the telescope is: the energy calorlmeter conszstmg of a caesmm-lodlde scmtlllator
E,4.7-radiation length‘thick,to absorb the secondary»partlcles produced by the incident

photons: and a- plastlc scmtrllator D to provide mf@mation on hlgh-energy events for whlch
this absorption is incomplete. ~ - e L

Alongside the y-ray detector is mounted a prop‘ottio’nal counter, sensitive to X-rays in the

2- to 12-keV energy range, to provide synchronization for possible pulsations of yray emission
from sources known to pulsate at X-ray wavelengths (Boella et al., 1974b). The relative

times of arrival of individual X-ray photons are recorded with a precision of 0.2 ms.

THE SATELLITE AND ITS ORBIT

COS-B is configured as a cylinder, 1.40-m diameter and 1.13-m long, with the main experi-
ment package occupying the central region as shown in the cutaway view of figure 2.
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Figure 1. Sectional view of the COs-8 experiment.
Units are identified in the text.

PMT

PMT

LIoeM

Figure 2. Cutaway view of the COS-B satellite.
Subsystems are: (1) anticoincidence counter,
(2) spark chamber, (3) triggering telescope, (4) -
energy calorimeter, (5) pulsar synchronizer, .

(6) structure, (7) superinsulation, (8) Sun and,
Earth-albedo sensors {(attitude measurement),
(9) spin thruster, (10) precession thruster
(attitude control), {11)-nitrogen tank (attitude
control}, {12) neon tank (spark-chamber gas
flushing), (13) solar-cell array, and (14) elec- .
tronics. '
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Tﬁg: pulsar synchronizer is mounted on the equatorial equipment platform with its opti_cai
axis parallel to that of the main experiment. All experiment electronics units and spacecraft
subsystems are mounted above or below this platform in order to minimize the amount of
material in the field of view and to reduce the probability of the experiment being triggered
by background induced by charged-particle interactions in these units. The total mass at
launch was 278 kg of which the experiment units compnse 118 kg.

The satellite is spin-stabi]ized at approximately 10 rpm about its axis of symmetry, which
coincides with the optical axis of the y-ray detector. A nitrogen-gas attitude-control system; - -
is used to point the experiment in the desired direction. Sun and Earth sensors provide data -
from which the attitude can be reconstituted with a precision of better than 0.5°.

The initial elements of the COS-B orbit and their latest available values are given in table 1.
The eccentric orbit was preferred over a low orbit because the loss of observation time due -
to Earth occultation is much less. The orbital plane is inclined at 90° to the Earth’s equator
with the argument of perigee in the fourth quadrant, which ensures that, for most of the
operational part of the orbit, the satellite is in sight of one of the ESTRACK ground stations...

This provides for a high data recovery without the use of an on-board tape recorder. Regions
of the celestlal sphere which are close to the direction of the line of apsides are

Table 1
COS-B Orbital Parameters
Date (Y,M,D) . 1975-08-08 1976-03-30
Orbltnumber o | 1 154
Altitude of perigee ~~ (km) 6 | 264
Altitude of apogee (km) 99103 | = 96828 “
. Semimajor axis &m) | s6103 56104
'}vEcce’ntrizcity 5 S o880 | 0840
Inclination  @eg) | e01s | 9308
Right ascension of ascending node tdeg.) | 43.72 k "42‘.43
‘Arguient of periges (deg.) . 344.68 325.19
Period (h, m) 36-44 3644
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drffrcult or unpossrble to observe due to the entry of the Earth into the f1eld of view or because
the Earth-aspect angle is outsrde the range of operation of the albedo sensors for most of the -

orbit, The nght ascension of the ascendmg node was chosen so that these regrons contarned
only target drrectlons of lowest scientific interest.

The posmon of the satellite at any trme may be reconstltuted from trackmg data wrth a
precrsron of 75 km. Thisis compatrble with the 250-us relative accuracy of the on-board

clock and, allowing for uncertainties in the propagation delay, permits the determinationiof :

the absolute Universal times of y-ray or X-ray events in either the satelhte or the solar* e
barycentnc frame of reference with an uncertamty of better than 1 ms SRR

OBSERVATION PROGRA_M AND ORBITAL OPERATIONS

Routine experimentf operations began on August 17, 1975, when the satellite 'Was"diree:tecf *
towards its first target, the Crab Nebula, with the instrument axis pointing at pulsétr ‘NP:

0532. Table 2 shows the subsequent program of observations; and the relative sky coverage b
achieved so far is-as shown in figure 3. ‘At the present time, the satellite is pointed towards ‘

Virgo, midway between 3C273 and M87. It is intended that in the next ‘6 months the éb-ﬂ o
servations of Vela and the anticenter will be repeated, and as many as possible of the parts'

of the galactic disk not yet studied will be observed. A study of either the Large or the

Small Magellamc Cloud is also foreseen.

Table 2

COS-B Observation Program
Ll : Galactic Coordinates (deg.) " |
Beginning of Observation Target 8 111 T prory O
Orblt 6 1975-08-17" - NP0532 185 - 6.
.26 197509-17 | ' GX5-1 5 -1
.48 1975-10-20  Vela X 264 3
" 60 1975-11-08 Vela X-1 263 4
73 1975-11-28 " Cygnus 74 - 0 -
90 1975-12-24 Cen X-3 292 0
. 110 1976-01-23 Cen A 309 19
130. 1976-02-23 © Cir X-1 322 0
150 1976-03-24 . 13U 1832-05 26 - 1
- 170 1976-04-24 Aquila 45 0
© 190 1976-05-24 " Virgo 286 69
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Scheduling of observations is constrained by limitations on solar-aspect angle, attitude-
sensor coverage, and entry of the Earth into the field of view, but takes account of scien-
tific priorities and, where possible, the known plans of other satellite, balloon, or ground-
based astronomy experiments. The standard period of 1 month for each observation was
chosen to provide good statistics and is also the minimum necessary to achieve the full
capability of the attitude-reconstitution software.

The experiment is only operated outside the radiation belts (i.e., about 80 percent of the
time). Occasionally, the observation is reduced due to automatic switchoff caused by flue-"
tuations of the boundary of the radiation belts or by solar-flare events. About 45 minutes *
per orbit are devoted to calibration of the detectors, using either cosmic-ray protons or an
In-Flight-Test system with electronic stimulation and light-emitting diodes. During alternate
orbits, a calibration of the pulsar synchronizer is made using an Am*#!" Sr target source.

The satellite carries a gas-flushing system to permit emptying and refilling the spark chamber.
This has been used at 6- to 8-week intervals to forestall progressive deterioration of spark-.. -
chamber performance due to poisoning of the gas. At this rate of usage, the supply of gas
carried is more than sufficient for the nominal 2-year lifetime.

Bl RELATIVE EXPOSURE 07 T01.0
RELATIVE EXPOSURE 04 TO 07 + TARGET POINTING DIRECTIONS
T RELATIVE EXPOSURE 0.1 TO04

Figure 3. Relative sky coverage between August 17, 1975,
and May 23, 1976 {galactic coordinates).
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Data are received by the ESTRACK ground stations at Redu, Belgium, and Fairbanks, Alaska.
The subsequent paths of data processing are summarized in figure 4. The recorded data are
dispatched at regular intervals to the European Space Operations Centre (ESOC), Darmstadt,
where they form the basis of the final data processing. In addition, data recorded at Redu
can be transmitted to the Operations Centre in ESOC, either in real time or, by playing back
the tape, at the end of a pass. Real-time data are used for monitoring the correct functioning
of spacecraft and experiment subsystems, especially during telecommanding operations.

From the data played back to ESOC, a fraction, averaging about 20 percent of all data ac- -
quired, is made available to the experimenters’ “Fast Routine Facility.” In this facility, the
Collaboration has set up programs for a preliminary analysis of this sample of data, using - -
predicted orbit, attitude, and time information provided by ESOC. This permits a thorough
check of the performance of the experiment, providing the possibility of a fast feedback to
keep the equipment in the optimum operational mode. In addition, preliminary scientific
~conclusions can be reached (Bennett et al., 1976), which can be taken into account in plan-,
ning the future observation program well in advance of the analysis of the final data.

REDU ' FAIRBANKS
DIGITAL TAPES
REAL > DIGITAL
TIME | POST-PASS PLAY BACK TAPES
Y FASTROUTINE | . EXPERIMENT
QUICK LOOK - | FACILITY : DATA TAPE
: L : 1 PRODUCTION
y \ 1
TECHNICAL SCIENTIFIC _PRELIMINARY
PERFORMANCE PERFORMANCE SCIENTIFIC FINAL
MONITORING MONITORING RESULTS PROCESSING

o

-y

1

1

1

1

!
ORBITAL ! REVIEW OF

! OBSERVATION SCIENTIFIC
OPERATIONS : PROGRAMME CONCLUSIONS

} T

1 ]

| 1

| S P S J

Figure 4. Overall flow chart of data processing.
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CALIBRATION AND IN-FLIGHT PERFORMANCE

The characteristics of the experiment were determined before launch by exposing the instru-
ment to beams of y-rays and charged particles at particle accelerators. The data acquired
were analyzed, using the same computer programs that are used for flight-data analysis. An
automatic spark-chamber picture-analysis program classifies the events and assigns the ad-
dresses of set cores to electron tracks from which the directions of incidence of the y-ray
photons are reconstructed. Analysis of the data from proton and electron exposures showed
that acceptance of only events in which an electron pair is recognized in both projections *
(class 22 events) gives a high confidence that little background is included, but does imply -
rejecting some genuine y-rays. For many purposes, where the signal can be identified by
another criterion (e.g., spatial localization or time pulsation), events showing a pair in only.
one projection (class 2 events) may also be used. :

Both the engineering model and the flight model were calibrated in tagged photon beams
with energies between 20 MeV and 6 GeV at DESY, Hamburg (Christ et al., 1974). Measure-
ments were made at a selection of photon energies and directions of incidence (Bennett et al.,
1974), and the results were smoothed and interpolated to provide the sensitivities used in

the analysis of the flight data. The effective area of the engineering model for recognition

of y-rays as class 2 or class 22 events is shown in figure 5. The efficiency for class 22 only
events is about 30 percent lower. The data from the calibration of the flight model are cuz-
rently being analyzed. First indications are that the results are not much different from
those of the engineering model.
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Figure 5. Effective sensitive area of the engi-
neering model for detecting and recognizing
v-rays. Measurements are shown by circles {0°),
squares (15°), crosses {30° incidence), and the
solid lines represent the interpolations used in
the analysis of flight data.
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The angular resolution has been characterized by the half-angle ofa cone, centered on the
observed source direction, within which 68 percent of the reconstltuted directions lie. This
parameter is shown in figure 6 for the engineering model. Observation of the point source

in Vela, which will be presented in a following paper, confirms that the fhght model is similar
to the engineering model, at least at the higher energies.

An important characteristic of the experiment is its capability to measure vy-ray energy over

a wide dynamic range. The energy can be derived from measurements of track length in the
spark chamber and from the energy loss as measured by the counter pulse heights. The
method is still being optimized, using data from the accelerator calibration of the flight model.
For incidence parallel to the axis, an energy resolution of about 50 percent (FWHM) is achlev-
able in the energy range 70 to 500 MeV.
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Figure 6. Angular resolution of the engineering model as a function of energy for
selected events incident parallel to the axis (closed circles) and at 15° (open
circles and 30° (squares) to the axis.

The charged-particle environment in the eccentric orbit required special care to be taken in
suppressing background triggers. From the accelerator tests and a balloon flight, it was con-
cluded that the expected trigger rate would be compatible with the telemetry capability.

This prediction proved to be justified, with trigger rates between 0.15 and 0.25 s (depending
on the triggering mode). The majority of residual background triggers can be rejected from
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the data by very simple criteria on the spark-chamber pictures. Although the automatic
spark-chamber analysis program has been very hlghly refined, there are still occasrons when.
the track assignment or event classification can be improved upon by human intervention.

A system is available which uses a mlmcomputer with interactive display to permit such
intervention, and it is intended to use it to monitor the performance of the automatic-anal- -
ysis and to apply corrections where necessary to those events that have been automatlcally
selected as the best candidates for 7—ray events.

The performance of the complete system (hardware plus software) can be expected to vary
with time, especially due to aging of the spark-chamber gas. A check on this has been made
by dividing the first two observation periods into shorter intervals of time and measuring
for each the counting rates of selected y-rays in different energy intervals. This has shown
that, over a period of a month, the total efficiency does not vary by more than about 10
percent. Day-to-day monitoring of spark-chamber performance is possible using the real-
time display facilities in the Control Center A dlsplay of the first 7~ray event seen on thrs
system is shown in figure 7. «

In the accompanying papers, results are presented that are based on ’analysis using ‘the cali-
bration data and analysis methods described above For the following reasons, these results
are preliminary:

. ® - The-calibration used may not reflect exactly the performance of the fhght unit -
®  The automatic analysis without human COITCCthl‘l leaves a nonneghglble background
® Not all data acquired for the observations dlscussed have been recelved

As a result, absolute values should be treated w1th caution. None of the conclusmns denved
are affected by these limitations. However, ‘at present, the combined- effect of the q;uoted
uncertainties prohibits the drawing of conclusions on energy spectra in most cases.

fazsasris
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AL Om0 .
'i: 8r [ [&] - | Figure 7. Reall-:titne dis'olay of
! | ~ spark-chamber “picture’’ for the
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COS-B OBSERVATIONS OF THE HIGH-ENERGY GAMMA
RADIATION FROM THE GALACTIC DISK

The Caravane Collaboration

ABSTRACT

During the first months of operation, COS-B has observed galactic high-
energy y-rays from the galactic disk. In the galactic center and Vela
regions, the disk emission distribution has been measured. From these
data, the existence of a local (< 1 kpc) and a distant (> 3 kpc) emitting
region is apparent in the general direction of the inner galaxy.

INTRODUCTION

During the first 3 months of operation, the COS-B experiment has observed approximately
one-fourth of the galactic disk, including the galactic-center region, the galactic anticenter,
and the Vela region. A completely automatic analysis of the events recorded during these
observations reveals a galactic y-ray emission from the three regions. In the anticenter and
Vela regions, localized sources of y-ray emission are present. The study of these discrete
v-ray sources is described in an accompanying paper.

The presence of localized sources complicates the observation of the diffuse galactic emission,
especially in the anticenter region, where the contribution of the galactic background cannot
be resolved from the discrete sources at present. The reduction of the effective sensitive

area for photons incident at large angles limits the significance of the events recorded at the
edges of the observation zones. For this presentation, our survey of the galactic emission is
then restricted to the Vela region (244° <21 < 284°) and to the galactic center region (350°
<M < 20°).

The exact nature of the origin of the high-energy y-rays from the galaxy is still questionable
in spite of the large number of interpretations of the SAS-2 data. (For a review, see, for
ihstance, Paul et al., 1976.) Most of these interpretations indicate that the galactic y-rays
originate in the galactic disk and especially in the interstellar gas layer—the scale height of
the galactic disk, the observed width of the galactic emission, and the angular resolution of
the y-ray detector provide limits to the distance of the emitting regions. For example, an
emitting region located in a disk v 200 pc thick would appear to be about 4° wide if its
distance from the Sun is 3 kpc. It has been suggested (Fichtel et al., 1975) that towards
the galactic center (within +30° longitude) the high-energy y-ray emission > 100 MeV) is

41
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represented by the sum of a W1de contnbutlon from the nearby Sagittarius arm and a narrow
component coming from distant reglons At other galactic longitudes, only a wide com-
ponent has been observed. A high-resolution observation of the galactic y-ray emission

(> 15 MeV) indicates that a dominant part of the y-radiation emitted from the direction of
the galactic center may be confined to a ~ 3° wide band lying along the galactic equator
(Samimi, et al., 1974) suggesting a source location more distant than 4 kpc.

High-resolution observations can be achieved by the COS-B experiment if high-energy events
are selected. For example, the angular resolution of the experiment is about 3° for photons
of 300 MeV (Bennett et al., 1974). With such a resolution, a line erhission as thin as 4° may
be resolved. The long exposure time achieved during our galactic-disk survey enables us to
take advantage of the better angular resolution at high energy. ‘

For the purpose of this paper, only those y-ray events are considered for which the tracks
of the electron pair are separately identified in two projections. Applying this selection
assures that the instrumental background can be neglected with respect to the galactic emis-
sion. However, the detection efficiency is not accurately known at present, so that the
quoted intensities should be considered to be preliminary.

OBSERVATIONS

Figure 1 shows the latitude profile of the galactic emission in the galactic longitude interval
244° < 21 < 284° for the energy ranges 70 to 2000 MeV and 300 to 2000 MeV. The con-
tribution of the Vela source has been excluded from both distributions by ignoring a circular
region centered at the position of the Vela pulsar and with a radius equal to 9° (range 70 to
2000 MeV) or 6° (range 300 to 2000 MeV).

The better angular resolution in the 300-to 2000-MeV range does not reveal more stfucture.
The observed distribution width of about 20° suggests that at oI ~ 270°, the galactic high-
energy 7y-rays originate in regions less than 1 kpc distant.

Figure 2 shows the latitude profile of the galactic emission in the galactic longitude interval
350° < 2 < 20° for the energy ranges 70 to 2000 MeV and 300 to 2000 MeV. : The differ-
ence between the two profiles is consistent with the variation of angular resolution with -
energy. The data imply the existence of a wide component and a narrow one. The measured
thickness of the narrow component (< 4° above 300 MeV) is compatible with a thin-line
emission. The wide component is reminiscent of the disk profile in the Vela region. This
result suggests that most of the y-rays recorded in the latitude intervals -10° < b¥ < -2° and
2° < bl < 10° originate in close-by regions (< 1 kpc), whereas a large fraction of those ob-
served in the range -2° < bl < 2° come from distant regions, at least > 3 kpc if one assumes
that the scale height of the emitting region is 100 pc. A more quantitative analysis is required
to resolve the possible contribution from ig}termediate distances.

The sensitivity of our survey permits the investigation of the galactic structure in more detail.
Figure 3 shows the longitude distributions of the two components separately. The longitude
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distribution of the close-by component (curve
b) is reminiscent of the distribution of the pre-
dicted contribution from the interstellar
medium within 1 kpc of the Sun as deduced
from interstellar reddening by Puget et al.
(1975).

The distribution of the distantncomponent
(curve a) reaches a maximum for 5° < gl <
10°. Although this may be taken as a hint of
some structure in the inner region of the
galaxy, the data definitely exclude a peaking
of this high-energy radiation at £ =0,

CONCLUSION

In spite of the rather incomplete survey of v)
the galactic disk presented here, the followmg \
conclusions are denved

1. most of the galactic hlgh-energy 'y-xays
originate from either: (a) close-by
regions whose latltude-proﬁle widths
are compatxble with a dlstance <1 kpc ‘
or (b) distant regions compatlble with "
a thindine source indicating'a dlstance o
> 3 kpc. "

2. Such distant regions are’ not' observed ‘

“at 2 ~ 270°, indicating that' the con-‘ :

tribution of the outer galaxy is very
weak.
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COS-B OBSERVATIONS OF LOCALIiED SOURCES OF GAMMA-RAY EMISSION

~ The Caravane Collaboration

’ ABSTRACT

In October 1975, the high-enérgy v-ray flux from the Vela pulsar was
measured by COS-B to be 1.6 to 2.1 times higher than the flux measured
by SAS—2 4n 1973. ; :

~ The emstence is confirmed of a second region of enhanced radiation in
- the galactic anticenter in addition to that from the Crab pulsar.

INTRODUCTION

COS-B data from fhe first three observation periods—galactic anticenter, galactic center, and
Vela région—have been analyzed by the automatic processing sequence. This comprises spark-
chamber picture recognition and classification and derivation of the direction of incidence
and energy for each event recognized as a y-ray. Intensity sky maps were produced for se-
lected event classes and energy ranges. -

Because only the purely automatic plcture-recogmtlon process is used for the present analysis,
there remains a remdual background in these sky maps. Although for the gamma classes 2
and 22 used for. thls analysm the background is higher than for class 22 alone, the possibility
to use the calibration data ,already available for class 2 and 22 makes it preferable to use these
data.

In figure 1, the data from the first three observation periods for y-rays of energy greater than
100 MeV are plotted as line fluxes derived by integrating intensities from -10° to +10° galactic
latitude. The error bars indicate statistical errors. The striking feature is the high peak ob-
served in the Vela region.

VELA

Figure 2 shows a latitude profile across the galactic plane integrated over 22° of longitude
centered on the Vela pulsar. To make use Qf the better angular resolution, the 300- to 2000-
MeV energy band is used for this latitude profile. In this profile, it is seen that the peak co-
incides within 0.5 degree with the position of the Vela radio pulsar (PSR 0833 45) at

bl =-2.8°. The width of the peak is consistent with that expected from the angular resolu-
tion as determined from the calibration for this energy range. It is therefore evident that

45
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Figure 1. Observed flux for three observation periods integrated over the
latitude range -10 to +10° for the energy range 100 MeV to 2 GeV, derived
by automatic analysis without baekgrou nd subtraction. Statistical errors are
indicated. )

.
. Ve A

most of the source flux is emitted from a source much less extended than the supernova rem
' nant which has a diameter of 5°. Final evidence for the identification of this y-ray point
source with the radio pulsar will be provrded‘ ina foilowmg paper on pulsation analysis.

Itis worthwhﬂe to remark that the Vela observation period was divided into two parts, one -
with the experiment axis pointed to the Vela pulsar (2% = 264°, b¥ =-3°) and thie other with
the axis directed to the binary system 30090040, (2% = 263°, blI +4°). Analysis of these ‘
two periods gave consistent results and prove ‘the correctness of the apphed analys1s procedure
concerning the reconstitution of arrival directions.

Longitude scans for different latitude intervals are presented in flgure 3 for energy greater
than 100'MeV. These clearly indicate the souirce contribution above the galactlc disk and
background. In order to separate the intensity of the Vela point source from the underlying
galactic disk and background components, a maximum and minimum background level in
each scan has been assigned and the excess flux above these levels has been attributed to the
point source leading to the flux values given in table 1. Comparing these limits with the
measurement of SAS-2 (Thompson et al., 1975), we find that our values are 1.6 to 2.1 times
higher.
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Figure 2. Latitude profile in the Vela region for the energy range
300 MeV to 2 GeV. (Analysis and errors as for figure 1.}

’ Table 1
| Flux of Vela Source
o COS-B SAS-2
. Energy Range
‘ 100 to 2000 MeV >100 MeV
Flux upberlimit (cm? s1) 1.3X 103
(6.3+1.1)X 1076
Flux lower limit (cm™2 s71) 1.0X 1073

This factor is too large to be accounted for by error in the COS-B calibration or analysis. This
is supported by a comparison of the COS-B measurement of the narrow-line component from
the galactic center region with the flux derived from the measurements of SAS-2; the COS-B
flux comes out about 15 percent lower than the SAS-2 figure.
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It is interesting to note that a glitch in the pulsar period took place about 1 month prior to
the COS-B observation (Manchester et al., 1976); the previous glitch occurred about 1.5 years
before the SAS-2 observation. The increased rotational energy loss after the ghtch cannot
simply explain the increased v-ray luminosity. If the two phenomena are related, the y-ray

emission, absorption, or beaming process must be extremely sensitive to changes in rotat10nal ‘
parameters. :

3

No change in intensity (greater than 20 percent) is apparent in the 39 days of observaﬁon. e
A second observation is scheduled for August 1976 with the aim of gaining insight into the
long-term behavior of the Vela luminosity.
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Figure 3. Longitude scans for the Vela region
in five latitude bands for the energy range 100
MeV to 2 GeV. (Analysis and errors as for
figure 1.)
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THE GALACTIC ANTICENTER REGION

In figure 1, the COS-B data show a relatively weak and wider peak in the anticenter, as com-
pared w1th the Vela region. From the detailed sky map, it was seen that this enhancement
has broad maxima centered at two positions, one being 2% = 185°, b! = -6°, the Crab Pulsar,
and the other being the location QI =195°, b = +5° for which enhanced radiation has been
already reported by Kniffen et al. (1975). More detailed longitude and latitude profiles
centered at each of the two positions are given in figures 4 and 5.

100MeV< Ey < 2GeV
0° < pT <. 10°

Figure 4. Integrated fluxes in two latitude bands in
the anticenter region for the energy range 100 MeV
to 2 GeV. (Analysis and errors as for figure 1.)

"no
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GALACTIC LONGITUDE (DEGREES)
0 1 1 1 1 1 i Il

200 180 180 170

Figure 4 shows longitude.profiles, one north and the other south of the galactic equator,
integrated over 10° of latitude. The profiles show similar asymmetric peaks. In figure 5,
latitude profiles are shown; we agam find distrinct asymmetric peaks with maxima at the
locatlon of Crab and at bl =5°, The larger statistical errors in the lattet region are due to
the reduced senS1t1v1ty smce thlS region is about 14° from the experlment axis.
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Figure 5. Latitude profiles for the anticenter region centered on the
longitudes 2" = 185° and RV = 195°. (Analysis and errors as for figure 1.)

Using a method similar to that for the Vela source, the magnitude of the enhancement from
the region -10° < b < 0° and 177.5° <2 < 192.5° (Crab) is found to be (3.0 + 0.5) X 106
cm? s, The flux determined for the region 0° < b < 10° and 187.5° < ! < 202.5° is
2.2 X107% cm™? s ! with similar uncertainties.

The statistical uncertainties in the present data do not allow a detailed investigation of the
structure of the emission region. The peak at 21 = 195°, b = 5° is consistent with a point
source, but an extended object cannot be ruled out.

It is planned to look in this region again with COS-B in October 1976 with the optical axis
nearer to the region 21 = 195°, b = 5°, These data may help to resolve the uncertain nature
of the emission in this complex region of the sky.
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THE TIME STRUCTURE OF THE GAMMA-RAY EMISSION FROM THE
CRAB AND VELA PULSARS

The Caravane Collaboration

ABSTRACT

High-resolution data on the pulsed y-ray emission from the Crab and
Vela pulsars are presented. The light curves of these two pulsars at
4-ray energies show striking similarities.

The measured pulsed intensity from Vela at energies greater than 50
MeV was found to be ~ 1.3 X 10% cm? s. The energy spectrum is
not consistent with a power law.

INTRODUCTION

The objective of studying the short-period temporal behavior of possible y-ray emission from
sources known to have time structure at longer wavelengths was included when the COS-B
mission was defined. At that time,; some 50 radio pulsars were known and one, NP 0532,
the Crab puslar, had been observed to emit pulsed radiation in X-rays and possibly y-rays
(Vasseur et al., 1971 ; and Leray <t al., 1972). The number of radio pulsars now known is
about 150, and two, possibly four, y-ray pulsars have been detected (Browning et al., 1971;
Albats et al., 1972; McBreen et al., 1973; Albats et al., 1974; Thompson et al., 1975; and

Ogelman et al., 1976).

Apart from the intrinsic interest in the temporal properties per se, the detection and corre-
lation of a characteristic time structure can be decisive for the identification of weak y-ray
point sources buried in, for example, the galactic plane.

The low intensity of y-rays above 30 MeV requires long observation times (~ 10 s) to pro-
vide sufficient statistics to extract temporal patterns from the background. Under these
conditions‘, a phase analysis down to 1 ms or less with the solar barycentric system as refer-
ence frame, would require a stability of the on-board clock and a knowledge of the satellite
orbital elements beyond the expected scope of the COS-B program. Hence, a small X-ray
detector, referred to as the pulsar synchronizer (PS), with an effective area of 80 cm? sensi-
tive to X-rays in the interval 2 to 12 KeV was included in the payload (Boella et al., 1974).
The arrival times of the X- and y-quanta at the satellite would be determined by sampling the
spacecraft clock to 0.2-ms increments. This detector would provide a convenient counting
rate capability so that the period and phase of X-ray pulsars of intensity down to 0.1 of the

33
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pulsed emission from the Crab could be obtained in the satellite reference frame in intervals
of about 1 hour, within which Doppler effects due to the motion of the Earth and satellite
could be neglected. With this 1nformat10n the search for pulsatlons in the 'y-ray em1ss1on
could be undertaken. :

In fact, it has been possible to determine the satellite position to better thaa 2¢-km, a factor
~ 4 better than expected, and the on-board clock has achieved a stability of 1 inM 07 over

"3 hours, ten times better than specified. The on-board time can be related to UTC to better
than 1 ms. Thus, COS-B is able to perform ay-ray phase analysis both by synchronizing with
the X-ray data from the pulsar synchronizer in the satellite reference frame and by using the
solar-system barycenter asa reference frame : e

DESCRIPTION OF PROCEDURES USED FOR PULSAR ANALYSIS -

The following block-diagram outlines the phase analysis by the synchronization method:

v

, Subdivide the entire observation in time intervals, At,, small enough
to neglect Doppler effect. , ~

Check the statistical confidence of the X-ray data sample collected
during each mterval At,. '

Phase-analyze the X-ray arrival tlmes with variable value of the sotirce
- period, P, for each At;. S

: N Select for each At,, the value, P, correspondmg to the maximum x2 ;
phase dlstnbutlon. ~ R T , EET P

.

Phase v-ray arrival times using P, (t) and ¢_(t).

Obtain P (t) and ¢, (t) from P,.

The validity of the method was checked by a study in which the experimental conditiohs of
COS-B were simulated. That part of the X-ray analysis relative to the extraction of the pul-
sating pattern in each of the synchronization intervals, At,, has been tested on experimental
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and Monte Carlo simulated data in order to check the éonfldence of the algorithm used
(Boella et al., 1974). S

For the Solar-System Barycenter analyms the two steps were: (a) transformatlon of photon
arrival times at the barycenter, using the ephemeris (kindly supplied by Lincoln Laboratories
through the courtesy of Dr. Henry Helmken (SAOY)) énd the position of the satellite, and *
(b) computation of residual phases at the barycenter, In the case of NP 0532, the solar-
‘barycentric period and phase have been derived from the X-ray analysis through the synchro-
nization method. For PSR 0833, a “period model” has been used as obtained from radio’
observations by Manchester et al. (1976) and Reichley and Downs (private commumcatlon)
Absolute radio phase values are not yet available fof comparison. : '

NP 0532 OBSERVATIONS * S I R R R

COS-B observed NP 0532, the Crab Nebula, and the region of the galactic anticenter from’
August 17 to September 17, 1975. The Xray ligﬁt curve is shown in figure 1 for the entire
observation period, excluding intervals when the data were disturbed. The pulsed fraction
of X-ray emission in the range 2 to 12 keV, accounting for the 1nstrumental background is
8.5 percent, which is compatible with the results .of Ducros et al. ,(1970).

Figure 2 shows, superimposed on the Xray llght curve, the y-ray light curve derlved by the
synchronization method for class 2 and 22 events for energies > 50 MeV and for reconsti-
tuted directions within an acceptance cone of half-angle 6 max = 6° centered on the pointing
direction, for all intervals when both X-ray andy-ray data were available simultaneously

(~ 50 percent of the operational t1me) The very strong 31m11ar1ty of the X- and 'y-ray light-

curve31sev1dent , P o ;

Figure 3 shows the y-ray light curve derived by the solar-barycentric analysrs for class 2 and
22 events with energies = 50 MeV and w1th1n 0 = 8°. This analysis used radio data sup-
plied by Rankin (private communication). and updated by phase information-obtained from
the PS. All available ~-ray data over the completed observation penod have been used. The
separation of the two peaks is 13.5 ms, and the main- and interpulse have 1 .5-ms‘and 3.0-ms
widths at half-] helght respectively. The lower limit for the pulsed fraction for E > 50 MeV
derived from figure 3 is ~ 35 percent, with the background level taken as the average of bins
47 to 66. It must be noted that the unpulsed fraction includes any continuous component
from the source, a contribution from the general y-ray emission from the anticenter region
and instrumental background.

So far, only 36 hours of X-ray data have been analyzed by this method. The X-ray light-
curve obtained is superimposed on the y-ray light-curve in figure 3. The overall similarity
of figures 2 and 3 gives confidence for the application of the barycentric analysis for pulsars
not exhibiting temporal structure observible by the PS. '
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' ',Figure 1. X-r;ay light curve of the Crab pulsar, NP 0532,
obtained for the period August 17 to September 17, 1975.
The pulsar period of 33.1 ms is divided into bins of ~ 1 ms.

PSR 0833-45 OBSERVATIONS

COS-B observed the neighborhood of the Vela supernova remnant, with the experiment axis
directed to PSR 083345 from October 20 to November 8 and to 3U090040 from November
8 to November 28, 1975. Because the pulsar emits little or no pulsed X-radiation (Rappaport
et al., 1974), the synchronization method cannot be applied and y-ray light curves can be
obtained only through the barycentnc method. The barycentric analysis has been carried

out separately for the two periods, based on the radlo data. Only the first period has been
analyzed in detail.
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Figure 2. Gamma-ray light curve of NP 0532, obtained by the synchro-
nization method, compared with the X-ray light curve. The pulsar period
is divided into bins of ~ 2 ms.

Figure 4 is an example of the y-ray light curve for class 2 and 22 events of E7 > 50 MeV and
for6 . = 7°. This result clearly establishes details of the pulsed y-ray emission. The separa-
tion of the two peaks is 38 ms, and the main- and interpulse have 3-ms and 6-ms widths at
half-height, respectively. These widths are in contrast with the measurements of Thompson
et al., (1975), who report widths of 14 ms.
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Figure 3. Gamma-ray light curve of NP 0532, obtained by solar-system barycentric analysis, com-
pared with the X-ray light curve. The pulsar period is divided into bins of ~ 0.5 ms.

A series of light-curves for various selections on energy and arrival direction has been pro-
duced. From these, figure 5 has been derived, which shows the number of 'y-rays above the
background (average of bins 67 to 90) in the phase plot as a function of 0, for flVG energy
intervals. ‘The number of pulsed y-rays reaches a maximum at higher’ acceptance angles s’
the energy is decreased, consistent with the variation of angular resolution with energy. The
curves through the data points have been fitted qualitatively. The asymptotic value of the
number of pulsed events for each energy has been taken, and, correcting for the energy de-
pendence of the sensitivity of the instrument, the integral energy spectrum shown in figure
6 was obtained. Over the energy range from 50 to 1000 MeV, the spectrum is not consistent
‘with a power law.. The pulsed flux above 50 MeV i is 1.3 X 105 cm™ s, and, above 100 MeV,
is1.0X 10% cm? g1, -
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- Figure 4. Gamma-ray light curve of PSR 0833 obtamed through solar-system
barycentric analysis, for the period October 20 to November 8, 1975. The
pulsar period of 89.2 ms is divided into bins ~ 1‘ms.

The pulsed fractlon of «y-rays for above 50 MeV and above 500 MeV as a functlon of accep-
tance angle is plotted in figure 7. The dlagl:am shows that the lower hrmt of the pulsed
fraction is approximately 85 percent. The unpulsed fraction contains any nonvarying com-
ponent from the pulsar, the supernova remnant, the galactic plane, and the instrumental .
background. Given this pulsed fraction, the pulsed flux is consistent with the total flux
quoted in the previous paper.

Comparing these measurements with those of Thompsoﬁ et al. (197 5) we conclude that the
pulsed luminosity has increased significantly (by about a factor of 2). It is uncertain whether
the apparent change in pulse widths is related to this change in luminosity.



60 ' GODDARD SPACE FLIGHT CENTER

v Figure 5. The number of pulsed 7y-rays {iv.e., those in
the light-curve peaks above the background level),
- shown as a function of the half-angle of the accep- -
tance cone for reconstituted vy-ray arrival directions
centered on PSR 0§33, for five energy intervals.

E,>200Mev

NUMBER OF PULSED GAMMA RAYS

£ 00 Mev
I 4
"“?...‘1....1.,.~,L.’.";*
' m s

HALF ANGLE ACCEPTANCE CONE 6°

COMPARISON OF NP 0532 AND PSR 083345 ‘

Figure 8 shows the y-ray light curves for E > 50 MeV -and E7 2 200 MeV derived by solar
barycentric analysis for the complete observatlon period of NP 0532 and for the second
period (November 8 through 28, 1975) on PSR 0833-45. For both pulsars, the structure is
dominated by two narrow pulses separated by 0. 42 of the penod Thls structure is practi-
cally the same for the two energles shown '

In the light of the extreme difference of these two pulsars at longer wavelengths and their
striking similarity at y-ray energies, it is tempting to suggest that the pulsar process manifests
itself directly in the 7—ray emission and that the radlatlon at lower energies reflects more
complicated processes. : ‘
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200 MeV, with the periods of both pulsars divided into 33 time bins.

63



64 GODDARD SPACE FLIGHT CENTER

REFERENCES

Albats, P., G. M. Frye Jr., A. D. Zych, O. B. Mace, V. D. Hopper, and J. A. Thomas, 1972,
Nature, 240, p. 221.

Albats, P., G. M. Frye, Jr., G. B. Thomson, V. D. Hopper, O. B. Mace, J. A. Thomas, and
J. A. Staib, 1974, Nature, 251, p. 400.

Boella, G., R. Buccheri, J. J. Burger, P. Coffaro, and J. Paul, (Proc. 9th ESLAB Symposium
(Frascati) ESRO SP-106, 1974), p. 353.

Browning, R., D. Ramsden, and P. J. Wright, 1971, Nature Phys. Sci., 232, p. 99.
Ducros, G., R. Ducros, R. Rocchia, and A. Tarrius, 1970, Nature, 227, p. 153.

Leray, J. P., J. Vasseur, J. Paul, B. Parlier, M. Forichon, B. Agrinier, G. Boella, L. Maraschi,
A. Treves, R. Buccheri, A. Cuccia, and L. Scarsi, 1972, Astron. and Astrophys.. 216,
p. 443.

Manchester, R. N., W. H. Goss, and P. A. Hamilton, 1976, Nature, 259, p. 291.
McBreen, B., S. E. Ball, M. Campbell, K. Greisen, and D. Koch, 1973, Ap. J., 184, p. 571.
Ogelman, H., C. E. Fichtel, D. A. Kniffen, and D. J. Thompson, 1976, preprint.
Rappaport, S., H. Bradt, R. Doxsey, A. Levine, and G. Spada, 1-974, Nature, 251, p. 471,

Thompson, D. J., C. E. Fichtel, D. A. Kniffen, and H. B. Ogelman, 1975, Ap. J. Letters,
200, p. L79.

Vasseur, J., J. Paul, B. Parlier, J. P. Leray, M. Forichon, B. Agrinier, G. Boella, L. Maraschi,
A. Treves, R. Buccheri, A. Cuccia, and L. Scarsi, 1971, Nature Phys. Sci., 203, p. 46.



LOW- AND MEDIUM-ENERGY GALACTIC GAMMA-RAY OBSERVATIONS

G. H. Share «
E. O. Hulburt Center for Space Research
U.S. Naval Research Laboratory Washington, D.C. 20375

ABSTRACT

Observation of 0.2- to 100-MeVdiffuse y-radiation emitted from the
galaxy can provide information on the intensities of 5- to 50-MeV/
nucleon cosmicrays and > 50-MeV electrons in interstellar space.
Recent measurements of y-rays emitted from the galactic center
region provide evidence for a diffuse continuum between 10 and
100 MeV, which is dominant over the 7°-decay emission generated
in high-energy nuclear collisions. The intensities of the recently
reported nuclear-line y-rays, also observed in the direction of the
galactic center, require the presence of intense fluxes of low-energy
cosmic-rays in the inner galaxy if the y-ray are produced bn a
galactic scale. Current detection techniques for 0.1- to 100-MeV -
y-ray measurements are summarized, and their capabilities for
measuring the diffuse galactic emission are evaluated. Significant

- improvement in our knowledge of low- and medium-energy galactic
yradiation can be expected within the next few years.

INTRODUCTION

In this Symposium, we are primarily interested in large-scale features of our galaxy, such
as the spatial distribution of interstellar matter and energetic particles. Diffuse y-radiation ‘
emitted from the galaxy provides us with information which either supplements or is not
obtainable from the more traditional disciplines of astronomy. o

Observations of galactic vy-radiation in the 100-MeV energy region from SAS-2 and COS-B
have been summarized earlier in these Proceedings. These high-energy photons are generated
in the interactions of particles with kinetic energies of S 500 MeV. Although discrete

v-ray sources, such as the Crab Nebula and the Vela pulsar, contribute to the enhanced
emission from along the galactic plane, it is likely that most of this radiation is produced in
interactions of high-energy cosmic-ray protons and alpha particles with interstellar matter,
These interactions produce the characteristic #°-decay +y-ray spectrum which peaks near

70 MeV, and above which energy more than 80 percent of the emission occurs. For this-
reason, > 100-MeV vy-rays can provide information on the fluxes of GeV cosmicray nuclei
and on the densities of interstellar gas in regions of the galaxy distant from Earth.

65



66 GODDARD SPACE FLIGHT CENTER

In this paper, the status of the observations of lower-energy (E < 100 MeV) galactic -
radiation is summarized. In like manner, these low- and medium-energy vy-rays provide

us with information on the fluxes of two other components of the galactic ¢osmic radia-
tion, electrons with energies > 50 MeV and nuclei with energies between 5 and 50 MeV/
nucleon. The electrons can generate continuum -y-radiation from bremsstrahlung interactions
on interstellar gas or from “ mverse > Compton scattering on interstellar starlight. The low-
energy nuclei produce nuclear,-lme emission in inelastic collisions with interstellar gas.

The next section discusses the low- and medium-energy y-ray observations which have been
made in the general vicinity of the galactic center ( b [< 10°;-30° X o1 < +30°),
where the intensity is expected to be greatest. Future investigations will aim at achieving
better sensitivities so that low- and medium-energy y-ray emission can be mapped from other
extended regions of the galaxy as well. The last section treats the detection techniques that
will be in use in the next feyv years and the anticipated improvements in the measurements.

OBSERVATIONAL STATUS
Detection Techniques

Before presenting the observations which have been made to date, it will be helpful to first
describe the instruments used. Although the SAS-2 multiplate spark chamber (Fichtel et
al., 1975a) is most sensitive at energies above 100 MeV , it responds to photons down to

~ 35 MeV. At these energies, the angular resolution is considerably degraded, but some
spectral information on dlffuse galactic emission is available.

An experlment which p,rov1des both good angular resolution (€ 2°)_,and good energy resolu-
tion (£15 percent) in the 15- to 100-MeV range is the emulsion wide-gap spark-chamber
array which Bob Kinzer, Carl Noggle, Nat Seeman, and I developed at NRL (Share et al.,
1974). A drawing of the configuration flown during a 1971 exposure to the galactic center
region is shown in figure 1. Gamma-rays convert in the stack of nuclear emulsions (E).
producing electron pairs which are detected by a counter telescope consisting of a propor-
tional counter (P) and two plastic scintillation counters (B). The plastic scintillation counters
(A) reject charged cosmlc radiation. Use of a combination absorptlon/Cerenkov counter (9]
limits detectable y-ray energ1es to < 200 MeV. The trajectories of the electron pairs are
photographed in a wide-gap spark chamber perm1tt1ng the tracks to be located in the emul-
sion where precise measurements can be made near the point at which the y-rays converted.

The third instrumenf, shown in figure 2, was developed at the Smithsonian Astrophysical
Observatory (Helmken and Hoffman, 1970) and was flown in 1971. It consists of a tele- -
scope arrangement using plastic scintillators and a gas Cerenkov counter. Although it has
excellent background rejection properties and is sensitive down to ~ 15 MeV, it has rather
poor angular resolution (~ 25°) and provides no spectral information.
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* Figure 3. Rice Actively Shielded

Scintillator (0.1 to 10 MeV).

The fourth instrument is shown in figure 3 and was designed at Rice University to detect
y-rays ‘of much lower energy, from~ 50 keV to~ 10 MeV (Walraven etal., 1975). It con-
sists of a 5-cm thick Nal crystal, with a sensitive area of ~180 cm?, which is shielded by
other Nal crystals and collimated to an aperture of ~ 13° FWHM.

Summary of the Observatlons

Much of the data from these experiments relating to galactic observations have already been
published. What I 'have attempted to do is to combine these results with some theoretical
studies in order to appraise the status of our knowledge of the 0.1- to 100-MeV diffuse
emission from the galactic plane. The summary takes the form of the differential spectrum,
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shown in figure 4, of the radiation emitted from the direction of the galactic center ( 1bT |
< 10°;30° < 2T < 30°). From the shape of the spectrum, especially at energies < 100 MeV,
we can determine the relative contributions that processes such as high-energy proton inter-
actions and electron bremsstrahlung make to the total y-ray flux. This determination is criti-
cal to the interpretation of the longitude distribution of galactic y-rays which is discussed
later in the Symposium by Floyd Stecker and Donald Kniffen.

T T LR g T Figure 4. Differential measurements of
5l S | + WPERIAL GOLLEGE galactic y-ray emission { {b' 1<10%;
] : [2" 1< 30°) compared with calculations.
’ \ { § ree 1 -
. ; D S0 Shown at high energies are the data
A A . obtained by the group at Imperial
i 4 Q MRL-masaD College, London (Sood et al., 1975).
- ‘\ —f« SAS- Il The measurement between 600 and
304k XN o FICHTEL ET AL (1975)_] ~
20 N " R L (975) .1400 MeY was. 40 overI})ackgr:)und
- UG O = -DECAY) : in the latitude interval 15" 1<4°;
2 7i%I07°E™ N N, COWSIK AND VOGES .
‘o h *\ (i975) (COMPTON) and the other points were 20 upper
050 N U ] limits. Recent extended balloon-borne
& MENEGUZZ! AND . . .
> A REEVES (1975) i exposures with this same experiment
3 (INELASTIC £OLLISIONS promise significant improvement in
w these high-energy measurements (G.

. K. Rochester, 1976, private com-
munication). Inaddition, forthcom-
ing results from COS-B should pro-
vide good quality spectral data up
to ~ 2 GeV (Bennett et al., 1974).

108 ° The data from SAS-2 have been
T adapted from the integral spectrum

) 5 s given by Fichtel et al. (1975a).

ENERGY (MeV) Caution must be taken in using such
a subtraction procedure; the large
errors shown reflect this uncertainty.

As suggested by Cowsik and Voges (1975), a “direct” differential representation of the SAS-2

galactic energy data, similar to that given for the diffuse cosmic background in the same

paper, is desirable.
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The points designated as NRL-Mashhad have been derived from an analysis of data obtained
during a 1971 exposure with the emulsion spark-chamber system shown in figure 1 (Share

et al., 1974; Samimi et al., 1974). The emulsion analysis, which has been performed recently
at the Ferdowsi University, Mashhad, Iran, is almost completed. The spectral data shown in
figure 1 were obtained in collaboration with Robert Kinzer and Jalal Samimi and have
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not been presented before in this form. They have been derived using only y-ray events

< 100 MeV for which both members of the electron pair were energetic enough to leave the
stack of emulsions and to be recorded in the spark chamber. Final results from a complete.
analysis will be presented in a forthcoming publication. The differential intensities were
found by subtracting the contribution of atmospheric background (determined from data -
taken at I1b¥ | > 6°) from the y-ray spectrum observed within +3° of the galactic equator
for longitudes -30° = & = 30°. The limited statistics in both the galactic and background -
spectra yield large errors after subtraction.

Because of the important energy range over which it was made, data obtained using the SAO
Cerenkov telescope have been included, even though only an integral measurement was made.
The conversion to a differential intensity yields a large uncertainty which is reflected in the
errors given. '

Before discussing the low-energy data, it is well to reflect on the measurements above 10 MeV.
Various systematic uncertainties, such as exposures to differing sections of the galactic plane
near the galactic center, are present, in addition to the statistical uncertainties shown. With
this in mind, the agreement between experiments is reasonable. Shown for comparison are
the calculated differential spectra of galactic y-rays produced by electron bremsstrahlung

and Compton collisions and by cosmic-ray interactions on interstellar matter. The brems-
strahlung and n°-decay intensities are from the calculations of Fichtel et al. (1975b) for a
galactic longitude of 335°. The #° intensity dominates over bremsstrahlung for energies
above 100 MeV. However, as suggested by Ramaty and Westergaard (1976), the bremsstrahlung
contribution could be significantly greater if the cosmic-ray electrons are stopped before they
can escape from the galaxy (closed galaxy model). The Compton spectrum shown was cal-
culated by Cowsik and Voges (1975) and indicates that the Compton process dominates

the galactic y-ray emission even at energies above 100 MeV. However, other estimates of

the Compton source strength are significantly lower (Shukla and Paul, 1976; and Dodds et

al.,, 1975).

In their present fragmentary form, the data provide an indication of the dominant production
mechanisms for y-rays < 100 MeV. The NRL-Mashhad observations, taken together with
those from SAS-2, are consistent with a continuum produced primarily by electron brems-
strahlung or Compton collisions.

The data plotted below 10 MeV from the Rice observations (Haymes et al., 1975) were
obtained during an exposure centered on the hard X-ray source, GX 1 +4. Continuum emis-
sion up to ~ 800 keV was observed from this region of the galactic plane; it is likely that much,
if not all, of it is emitted from the hard X-ray source. However, for purposes of comparison,

I have chosen to plot the extrapolation of this continuum spectrum (dN/dE= 7.1 X 104
E278) to higher energies assuming that the y-rays are emitted from a diffuse source along

the plane.” There is some evidence in the Rice data for such diffuse emission. A brief exposure
to the longitude range from 339° to 352° along the plane during a background portion of the
flight also showed an enhancement over background measurements taken at higher latitudes.
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In addition, the continuum intensity measured in an earlier Rice experiment (Johnson and
Haymes, 1973) was about a factor of 2 larger than the current measurement; this is consis-
tent with a diffuse interpretation because of the larger aperture of the earlier experiment.

Some bf the higher-energy data points observed by the Rice group above 1 MeV are also
plotted, assuming a diffuse origin, in order to indicate the level of sensitivity of the current.
measurements in this energy range. Most of the data points > 800 keV are consistent with
zero; however, evidence was found for features which can be attributed to nuclear-line emis- .
sion. This evidence is illustrated in figure 5, which is taken from Haymes et al. (1975) The
" features at ~ 0.5 and ~ 4.5 MeV can be attributed to positron annihilation and emission from
the excited state of 12C, respectively, whereas the broad enhancement from 1.2 to 2 MeV
could be due to a combination of lines from 36 Fe, 2 Mg, 22 Ne, and # Si. If confirmed, these
line features represent the first observation of nuclear y-rays emitted from outside our solar
system.
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o nla a o © 3 S Y
f’j——‘j——;
L -l
3 i 1 1 i 1
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Fagure 5. Spectral data obtained by Haymes et al. (1975), giving evidence for nuclear-line features emltted -
from the galactic center region.

Returning to figure 4, we can compare the intensity of these features, assuming a diffuse
origin from the galactic plane, with recent calculations by Meneguzzi and Reeves (1975; see
also Rygg and Fishman, 1973). I've plotted their results for an assumed E3 differential -«
spectrum in kinetic energy for cosmic-ray nuclei in the 5- to 50-MeV/nucleon range by nor--
malizing to their calculated n°-decay y-ray intensity. Although the expected features agree -
with the observations, the calculated intensity is about two orders of magnitude below the
observations, requiring either that the cosmic-ray intensities are significantly higher or that
the features come from localized sources such as supernova remnants.
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A detailed discussion of galactic nuclear-line features is found in Richard Lingenfelter’s paper
in these Proceedings. It is of importance to note in figure 4 that both narrow and broad fea-
tures are expected. The broad features arise from Doppler broadening of y-rays emitted
from heavy cosmic-ray nuclei excited in collisions with ambient hydrogen gas. With this in
mind, T wish to question the interpretation by Fishman and Clayton (1972) of a possible ‘
line feature at ~ 478 keV, observed by Johnson and Haymes (1973), as being produced by
excited 7 Li in the cosmic radiation. Any feature produced in this way would be severely
broadened and would not show evidence for a narrow-line profile. Even the narrow features,
arising from cosmic-ray proton excitation of nuclei in the ambient gas, may show significant
broadening (e.g., ~ 80-keV FWHM in the 4.43-MeV line of 12C).

FUTURE OBSERVATIONS

There is considerable activity at present devoted to the development of suitable instrumenta-
tion for observing low- and medium-energy y-radiation. For the purpose of observing diffuse
emission from the galactic plane, an optimum instrument would be one having a reasonably
broad field of view (~ 25°-FWHM) and 2n angular resolution of about 1°. This not only
would enable the galactic diffuse emission to be resolved simultaneously from the background,
but would also permit variations of the diffuse emission to be mapped and resolved from
any point sources. Energy resolution in the > 10-MeV range is not critical; a resolution of

~ 25-percent FWHM should be adequate to distinguish the various processes contributing

to the diffuse emission. Below 10 MeV, better energy resolution is critical in order to identify
and distinguish the lines which may be emitted. In the near future, it is perhaps not essential
to attain the excellent resolution (~.2.5-keV FWHM) characteristic of germanium detectors.
High-sensitivity crystal detectors with moderate energy resolution (~ 3 to 8-percent) can
perform a large part of the pioneering activity in this field. (This is especially true because
many of the nuclear lines are expected to be significantly Doppler-broadened.) Future
detection systems will probably employ arrays of large-volume.(~ 150 cm?), intrinsic ger-
manium detectors capable of achieving both high sensitivity and excellent energy resolution.

It is clear from the results obtained from SAS-1, SAS-2, and COS-B that long-term observa- -
tions are important for making high-sensitivity measurements and for detecting transient
phenomena which can complicate measurements of a diffuse intensity. It is probably more
important for the observations > 10 MeV to be performed above any overlying atmosphere
than it is for observations < 10 MeV. This is true because the intrinsic background of the
high-energy detectors is much lower than the background produced in the overlying atmo-
sphere as viewed from high-altitude balloons. The reverse is true for energies < 10 MeV. In
fact, there are significant advantages that balloon-borne low-energy y-ray detectors have, for
example, a stable background environment which is free from the high-intensity radiation
fields that most satellites periodically encounter.

The prospects for long-duration balloon observations are growing. In the past, most flights
have been limited to durations of ~ 8 hours, except for the semiannual wind turnaround
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periods, when durations of 40 hours have been achieved. Recent innovations (such as trans-
atlantic balloon flights such as the one launched last year from Sicily) offer flight durations

of 5 to 7 days. Even longer durations of up to 2 to 3 months will be possible with the success-
ful development of large superpressure balloons expected within the next 1 or 2 years.

With these general considerations in mind, I wish to summarize the current status of instru-
ment development in the low- and medium-energy y-ray domain and also of the sensitivities
for detecting diffuse galactic emission that can be achieved in the next few years. Table 1
lists the types of instruments that are currently in operation, or being planned, which are
known to me. Within each category, there may be one or more variations developed by
different groups. My purpose here is not to provide an all-inclusive listing, but one which is
just representative. Typical properties of currently used detectors are also given in table 1. -

The Rice detector shown in figure 3 falls into the first category of actively shielded and
collimated crystals. Another example of this type is the UCSD-MIT detector (Matteson et
al., 1974) which will be launched on board the HEAO-A satellite in the spring of 1977. This
instrument is shown in figure 6. It consists of a cluster of detectors with different apertures
and energy ranges of operation. The most sensitive element for detecting the diffuse galactic
y-ray emission is the central detector with its 40° field of view. The four point-source de-
tectors (20° aperture) will be helpful in distinguishing discrete sources. The block of Csl
shown in figure 6 is used as a shutter, primarily for measurements of the diffuse cosmic
background.

A second type of shielded scintillator is also listed in table 1. This type has a large aperture
and uses an occulter to identify point sources of radiation; it is therefore not designed for
observation of extended sources. Groups at Toulouse (Mandrou et al., 1975) and the Uni-
versity of New Hampshire (Chupp, 1975, private communication) are currently employing
this technique. '

High-energy resolution germanium detectors make up the next group. Significant progress

is being made in the utilization of large-volume detectors such as the instrument developed
at Toulouse (Vedrenne 1976, private communication) which employs a 140-cm? diode.

This instrument will be flown within the next year from Brazil to study the nuclear-line
emission from the galactic center region. Shown in figure 7 is the array of four 40-cm? Ge
(Li) detectors developed for balloon observations by the Jet Propulsion Laboratories (Jacob-
son et al., 1975). The detectors are actively shielded and collimated by cylindrical crystals
of CsI. This configuration is similar to the one being developed for the HEAO-C satellite,
which has four 60-cm® diodes (Hicks and Jacobson, 1974). This will not be the first germa-
nium detector to be placed in orbit. The group at Lockheed flew two 50-cm® Ge(Li) detectors
on a polar-orbiting satellite in 1972 (Nakano et al., 1974). Other laboratories with experi-
ments using germanium include the Goddard Space Flight Center (Cline, 1976, private com-
munication) and a Sandia-Bell Labs collaboration (Leventhal, 1976, private communication).
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Figure 6. The yray detector on HEAQ-A. Figure 7. The JPL balloon-borne

germanium array.

The next two types of instruments operate in a higher energy range. Both make use of the
‘Compton effect for detecting incident y-radiation, but they are significantly different in their
concept and operation. Shown in figure 8 is the semiactively shielded Compton detector
built in a collaboration between Milan and Southampton (Maccagni et al., 1975). An ~2°
field of view is provided by the lead-slats and lead-scintillator shielding. This type of shielding
represents significant cost savings over inorganic crystals, but its background rejection still
needs to be demonstrated under flight conditions. The narrow field of view primarily limits
this system to observation of point sources.

The double Compton telescopes developed independently at Munich (Schonfelder et al., 1973)
and at the University of California at Riverside (Herzo et al., 1975) represent the first attempts
to develop an imaging system in this difficult energy domain. The Riverside system utilizes
several tanks of liquid scintillator which also make it a sensitive detector for solar neutrons.

A modified and significantly enlarged Compton telescope is currently being constructed at
Munich (Graml et al., 1975). It is shown in figure 9 and consists of 16 separate detecting
elements in each plane. The use of Nal in the bottom plane greatly improves the instrument’s
energy resolution and sensitivity.
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Figure 8. The Southampton/ Figure 9. The large-area Compton telescope designed at -
Milan shielded Compton the Max Planck Institute,
detector.

The last three detectors listed in table 1 are all imaging systems designed for higher y-ray
energies. The large-area low-mass multiplate chambers are basically the same as the systems .
designed for photons > 50 MeV, except for the emphasis on reducing the scattering of the
pair-produced electrons, primarily by incorporating thinner converting plates. The instrument
shown in figure, 10, which was designed at the Moscow Engineering Physics Institute (Galper. .
et al., 1975), illustrates some of the characteristics of this low-mass design. The conversion
plates are a factor of ~4 thinner than those used in COS-B. In addition, thin-window propor-,
tional counters (designated by C) are used as triggering elements. The angular resolution
attainable with this instrument should be about a factor of 2 better than that achieved by,
COS-B, based on the reduction of scattering material; it is therefore difficult to understénd
how a resolution of 3° at 17 MeV can be achieved as claimed by the authors. Other instru-.
ments for investigating this same energy domain, but having considerably larger sensitive -
areas, have been developed by the Case-Western Melbourne collaboration (Jenkins, et al.,
1974), by the Saclay-Toulouse collaboration (Bonfand et al., 1975), and by the group at the
Goddard Space Flight Center (D. Kniffen, 1975, private communication). ‘
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o — Al i The next type of instrument is only opnceptual

J ‘ ‘ U y ' (Kinzer et al., 1970; see also Kniffen, 1971) but,

i § if developed, it should provide a significant im-
e NN NN A7 provement in angular resolution in its energy

] sc 4 range without having the difficulties inherent

.: A2 e g in the emulsion spark-chamber design listed

X ‘ last in table 1. In this concept, the y-rays con-

vert in a heavy noble gas (¢.g., xenon) of a wide-

gap spark chamber. This permits measurements
to be made on the directions of pair electrons
before they are scattered appreciably. The
limiting feature of this instrument is its low
conversion efficiency and high operating voltage.
Perhaps, though, with the age of the Space
Shuttle near, it may be worth further appraisal.

. . I’ve already discussed the operation of the

Figure 10. Diagram of the low-mass y-ray . R N

telescope developed at the Moscow Engineer- emulsion wide-gap spark-chamber array devel-

ing Physics Institute. oped at NRL. (See figure 1.). A modified in-
strument, with sensitivity extending to ~1 GeV

(Samimi et al., 1974), was recently flown and obtained 10 hours of exposure to the galactic

center region. From this exposure, ~500 galactic y-rays will be mapped at a resolution of

1 to 2°. The analysis which is proceeding at NRL and the Ferdowsi University at Mashhad,

Iran, is arduous; but, as is evident from table 1, no other operating system can approach this

angular resolution in the 10- to 100-MeV range. This resolution is also critical for identifying

any point sources which contribute to the diffuse galactic emission.

It is reasonable to ask at this point what we can anticipate learning from low- and medium-
energy galactic y-ray observations within the next few years. The graph shown in figure 11 ©
attempts to answer this question for the continuum emission > 1 MeV. The shaded area *
shows the range of current measurements made in the direction of the galactic center (in-
cluding limits) as depicted in figure 4. The points give estimates of the 3o sensitivities of
current instruments as adapted from publications or communications. No limits are given

on figure 11 for the large-area multiplate chambers, but I’d estimate their sensitivities to be
somewhat better than those plotted for the emulsion spark chambers. For purposes of com-
parison, I’ve included an estimate of the sensitivity of the conceptual heavy-gas spark chamber.
It is also important to keep in mind that due to the rapidly changing b!ckground ‘environment,
systematic uncertainties in the HEAO-A measurements can significantly degrade the plotted
sensitivities. '

Even with these reservations, it is clear that much will be learned about diffuse galactic emis-
sion in the 1- to 100-MeV region in the next few years. The relative contribution of electron-
initiated processes, such as bremsstrahlung and Compton interactions, to the total galactic
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y-ray ‘.e,m“ission will be well known. In addition, initial mapping of these low-energy compo-
rients will enable the spatial distribution to be determined to a level approaching that obtained
from.SAS-2 for higher-energy photons.

A similar comparison can be made between the reported nuclear-line intensities and sensitiv-
ities attajnable within the next few years. This comparison is shown in table 2. The ob-
served intensities are adapted from the work of Haymes et al. (1975) on the assumption that
these features are emitted on a galactic scale. The limits have been adapted from sensitivities
estimated by the different experimenters. The advantage that comes from extended observa-
tions, such as those available with the HEAO-A detector, is again clear. The sensitivity obicin-
able with the large-area Compton telescopes is also worthy of note; however, their limited
energy resolution may be a significant liability for future line observations.

The sensitivities available during a single day’s exposure with the current generation of ger-
manium detectors are just sufficient to detect the reported line features. The increased exposure
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Table 2 ‘
Estimated Sensitivities To Galactic y-ray Lines
(x 10? cm? ! radl)

Experiment 0.5Mev | 09MeV | 1.22MeV | 4.5MeV

1. Double Compton telescope (7 hr) _
“a. Riverside — — _ 04
: (Herzo et al., 1975) ' : .
- b. Munich C— - : - o0 00
~ (Schonfelder, pnvate comm.) ~ ' :

2. HEAO-A Scintillator (2 months) 0.04 0.03 0.09 0.03 .
(Matteson et al., 1974) / ‘ ‘

3. Shielded Ge(Li)

a. Balloon (7 hr) 1.0 2.0 - 2.0
~ (Jacobson et al., 1975) . - -
b. HEAO-C 0.02 0.05 — | 015

(Hicks and Jacobson, 1974)

Observed intensity 3.5£1.0 1.6+1.4 11.5£2.6 4,2+1.2
{(Haymes et al., 1975)

available with long-duration balloon flights and satellites improves their capabilities significantly
as can be seen in table 2. However, we must remember that these sensitivities are estimated
-under the assumption that the intrinsic line width of the radiation is less than the detector’s
resolution (~ 2.5 keV). This is not the case with many of the lines (e.g., Doppler—broadenmg
of the 4.43-MeV 12C line is expected to be ~ 80 keV).
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ABSTRACT

Recent results in ground-based very high-energy (> 101 ev) y-ray as-
tronomy are reviewed. The various modes of the atmospheric Cerenkov
technique are described, and the importance of cosmic-ray rejection meth-
ods is stressed. The positive detections (at = 1012 eV) of the Crab pulsar
that suggest a very flat spectrum and time-variable pulse phase are discussed.
Observations of other pulsars (particularly Vela) suggest that these fea-

tures may be general. The “steady” flux upper limits for the Crab Nebula
are thus reconsidered, and a new value of the implied (Compton-synchrotron)
magnetic field in the Nebula is reported. Evidence that a 4.8-hour modulated
effect was detected at E_ > 1012 eV from Cyg X-3 is strengthened in that

the exact period orlgmally proposed agrees well with a recent determination
of the X-ray period. The southern sky observations are rewewed and the
significance of the detection of an active galaxy (NGC 5128) is considered
for source models and future observations.

INTRODUCTION

Gamma-ray asironomy at very high energies (= 1011 V) was last reviewed by Fazio (1973).
Accordingly, the present review will be confined largely to results reported since that time.
These results have been particularly exciting in that the first sources of very high-energy v-
rays have now been detected by several groups using different techniques. The detection of
point sources and not diffuse emission from the galactic plane is significant for galactic struc-
ture in that the primary cosmicray sources may be identified.

The spectrum of observable electromagnetic radiation from cosmic sources outside the solar
system now extends all the way through photon energies of = 1012 eV. This is approximately
three orders of magnitude above the y-ray energies accessible to current satellite detectors.
Thus, for a source like the Crab pulsar NP0532, the integral photon flux is more than three
orders of magnitude lower, and detection systems with extremely large area-time factors are
required. In fact, for NP0532, the pulsed flux we shall summarize is only about 1 photon/hour
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if it were recorded by a detector measuring 100 by 100 m square. Such incredibly low fluxes
at these highest energies are possible to detect with systems that detect the extensive air
showers (EAS) that are produced in the Earth’s atmosphere by single primary y-rays with
energies > 108 eV. For primary energies = 101! eV, there are enough (~ 300) electrons in
the shower with energies above the threshold for Cerenkov radiation in the atmosphere that
the EAS initiated by a single y-ray may be detected entirely by optical techniques (Jelley,
1958). The disk of optical Cerenkov photons ( ~ 150-m radius, ~ 2-m thickness) produced
in such a shower is sufficiently dense (~ 5 photons m?) that it may be detected as a ~ 10-ms
light flash with a photomultiplier at the focus of a large optical light collector such as the
10-m reflector at Mt. Hopkins Observatory. ‘

The atmospheric Cerenkov technique has been further developed recently by several groups
seeking to improve the sensitivity of the early searches for very high energy y-ray sources. We
shall briefly review these experiments and the recent modifications of the Cerenkov technique.
These experiments have finally yielded rather convincing evidence for the detection of at
least two y-ray sources above 1012 V. In reviewing these results, it will be clear that the
astrophysical implications of these very high-energy y-ray sources for models of several classes
of objects are already quite profound. It is especmlly interesting, for example, that one of
these sources (Cen A) is an active radio galaxy If nuclei of active galaxies are generally very
high-energy y-ray sources, then perhaps QSO’s will be detectable with further increases in
sensitivity. Detection of quasars, in turn, would permit testing the cosmological interpreta-
tion of QSO red shifts because objects more distant than 3C273 (z = 0.16) could be atten-
uated by (y - v) pair production of the y-rays on the optical photon background. Alterna-
tively, it should be pointed out that, because at E < 10 eV, the y-ray mean-free path for
attenuation by either v - v or 7y - p interactions is so long, essentially all objects but the most
distant quasars are potentially observable unless there is significant self-absorption in the
source.

OBSERVATIONAL TECHNIQUES

The simplest type of Cerenkov receiver, consisting of one or more (in coincidence) optical
reflectors pointed directly at a suspected source, has been used in most of the searches for very
high-energy vy-rays (e.g., Chudakov et al., 1965; Long et al., 1965; Fazio et al., 1968; Weekes
et al.,; 1972; Porter et al., 1974; Stepanian et al., 1975; and Erickson et al., 1976). These
“single-beam” detectors were pointed directly at the suspected sources because the optical
Cerenkov radiation expected in the y-ray-initiated EAS (y-EAS) is calculated to be (Rieke,
1969) collimated about the primary direction within ~ 1°. In fact, most of the searches men-
tioned above employed the drift-scan technique where the detectors were pointed so that the
Earth’s rotation caused the object to transit through the (typically ~ 1°) detector field of view.
In many of the observations of Weekes et al. (1972), as well as others we shall describe below,
the candidate source (as well as background) was tracked for maximum exposure. In none

of these observations was there active rejection of the background of cosmic-ray-initiated

EAS (p-EAS); y-rays from the source direction were sought as an increase in the total detected
rate.
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The absolute sensitivity of these various experiments is based on calculations of the Cerenkov
light pool expected for y-EAS. However, even the most complete calculations of the electro-
magnetic cascade and light distributions (Rieke, 1969), as well as the effects of the geomag-
netic field (Weekes and Rieke, 1974), are uncertain to within a factor of ~ 2. Since the
results are quite strongly dependent on the exact detector configuration (i.e., atmospheric -
depth, field of view, etc.), it is also difficult to make relative comparisons of the sensitivity
of the various systems. In general, since the detector is operated at a threshold such that

the background is entirely due to the flux F, ~K Ep'l'6 of cosmic rays (p-EAS) above energy
threshold Eo ~ Ep , the detectability of a y-ray flux or S/N will vary as

- -« + 0.8
NEa/\/—ﬁ;JNEa

where a is the integral spectral index of the y-ray source. Thus, for & > 0.8, the maximum.
sensitivity should be possible for the lowest y-ray energy thresholds or the largest optical
collector area (directly proportional to E ). This was, of course, the philosophy behind the
single 10-m reflector at Mt. Hopkins w1th E ~ 1X10Mev. Itis interesting, however, that
the sources detected so far have turned out to (probably) have flat spectra with « < 0.8, and
thus maximum detectability at the highest energies in the 1011, 10!3 eV range. Apart from
the 10-m reflector results (Weekes et al., 1972), the energy threshold for all the other single-
beam searches mentioned above was ~ 1012 eV. In all cases, the effective collection area was
~2 X108 cm?. In addition to the several uncertainties mentioned, the actual values of these
parameters are also strongly dependent on zenith angle, sky brightness, and atmospheric .
transparency. A recent discussion of the sensfcmty of atmospheric Cerenkov detection sys-
tems is g1ven by Weekes (1976).

When the first s1ng1e beam-observations (e.g., Chudakov et al., 1965; and Fazio et al., 1968)
yielded «y-ray upper limits of € 1 percent of the detected cosmic-ray flux (typically ~ 10 to
100 min'!), it became clear that some degree of background rejection was needed. O’Mongain
et al. (1968) attempted to select y-EAS by using a fast (~ 3-nsec) coincidence system to 3
favor detection of Cerenkov light from the first few interaction lengths of the shower because
the v-EAS develop faster than p-EAS. The light from this portion-of the shower is “focused”
(due to increasing index of refraction) in an annulus of radius ~ 120 m and duration < 3
‘nsec. Although this technique preferentially selects y-EAS and, in fact, positive effects were
reported (e.g., O’Mongain et al., 1968; and Jennings et al., 1974), the gackground p-EAS were
still not actively rejected. Apart from the “fast annulus” mentioned, y-EAS are expected
(Zatsepin and Chudakov, 1962) to have a flatter lateral photon distribution than p-EAS, which
will be more strongly peaked at the core. Tornabene (1976) has set up an array of Cerenkov
detectors and by multicoincidence fast timing (Tornabene and Cusimano, 1968), the EAS
core location, arrival direction, and Cerenkov front curvature may be determined, as well as
the photon lateral distribution. EAS with peaked distributions at the core may therefore be
rejected from the analysis for y-ray events. This “multiple-beam” technique has the advantage
that the individual detectors may have large (~ 5°) fields of view, and a source may be “tracked”
_ with a series of drift scans. Its suffers, however, from the systematic difficulty that, in a single
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EAS, the lateral distribution can be quite different from the average due to the effects of
fluctuations (i.e., the Cerenkov disk can be “‘spotty”), and thus the core density and location
are uncertain. For observations of steady-source fluxes, the technique also requires (as usual)
scans on background so that the response to a point source may be determined. Nevertheless,
this technique is promising and could be further improved in its cosmic-ray rejection by also
incorporating the double-beam technique described below.

Other multiple-beam techniques have been described by Grindlay et al. (1974 and 1976).
These have employed multiple photomultiplier detectors at the focus of the Mt. Hopkins
10-m reflector. Because the angular distribution of v-EAS (especially) will be broadened by
geomagnetic effects, a class of EAS were selected by a three-fold coincidence of a 1° triangle
of phototubes. Another configuration of six phototubes surrounding a central detector

(all with ~ 1° beams) on the reflector optical axis was used to isolate a class of roughly cir-
cular shower spots by an anticoincidence of the center with the surrounding channels.
Cosmic-ray showers would generally be incident off-axis and would produce elongated
Cerenkov images. Both of these techniques were limited, however, since the effective de-
tection area must be smaller (than for single-beam detection) because y-rays must be inci-
dent within ~ 50 m of the reflector for their Cerenkov image to appear circular (within ~ 1°).

We conclude our discussion of Cerenkov detection techniques with the so-called “double-
beam’” technique for actively rejecting p-EAS (Grindlay, 1971a and 1972; and Grindlay -

et al., 1976 and references therein). This method embodies several of the distinguishing =
features of y-EAS already mentioned —the fast timing and relatively broad versus peaked -
lateral distributions. However, the main feature (originally suggested by experiment (Grindlay,
19710b)), is the detection of the penetrating cores in p-EAS by identifying structure in the -
angular distribution of the Cerenkov light. The angular structure shows up as follows.
Whereas the peak detection of background Cerenkov flashes by two reflectors (with ~ 1°
beams), separated by, say, ~ 70 m, occurs when the reflectors are inclined towards each other
by ~ 0.3°, an enhanced (over the optical beam response) rate is observed as the angle is in-
creased, but not decreased. Furthermore, this relative increase is greatest in the ultraviolet,
suggesting that the radiating particles are comparatively close to the detector and that the
1/A? Cerenkov spectrum suffers less atmospheric absorption than at the primary peak of

the angular distribution. The natural interpretation of these data was (Grindlay, 1971a) that
the primary peak is due to the large number of electrons at the p-EAS maximum and the UV
component due to penetrating particles, primarily muons, on axis near the core and detected
at the characteristic Cerenkov opening angle of ~ 1°. This hypothesis was supported by de-
tailed Monte Carlo calculations of p-EAS (proton through iron primaries) and the Cerenkov
production of the penetrating particles. The calculated angular distribution shown in figure 1
(Grindlay, 1974) agrees well with the observations.

Thus, p-EAS may be actively rejected by detection of the penetrating muon cores which are
not expected in the (nearly) pure electromagnetic cascades of y-EAS. This requires an array
of at least three spaced Cerenkov detectors: two originally detect the EAS at its maximum,
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and the third, through an appropriately delayed coincidence, searches for emission from the
muon core. Such a system can be pointed at a suspected source either in the drift-scan mode
(Grindlay, 1972) or by continuously tracking (Grindlay et al., 1975a and 1976). The double-
beam technique is restricted to y-ray energy thresholds > 3 X 101 eV (or p-EAS thresholds
of > 6 X 101! V) for sufficient muon numbers and to minimize the importance of fluctua-
tions. In general, the other multiple-beam techniques mentioned are also restricted to thresh-
old energies above the minimum values because of the importance of fluctuations.
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Figure 1. Calculated Cerenkov angular distributions at R =40 m from
EAS axis at 2300 m as detected by ~1° light receivers.

Finally, we note that all the coincidence techniques described here usually employed random
coincidence controls. A number of the single-beam observations (Frazio et al., 1968; Charman
et al., 1969; and Weekes et al., 1972) have also used servo systems such that the phototube
current or pulse rate remained constant as sky brightness changed. Although this intro'duces'
additional noise, it is advisable for noncoincidence experiments (e.g., Weekes et al., 1972).

OBSERVATIONAL RESULTS

Crab Nebula and Pulsar NP0532

We begin with the Crab in our discussion of results since this object has been observed by
all groups, and the pulsar NPO532 has now been detected in several of these observations.
Since the review by Fazio (1973), the principal results have been obtained on the Crab
pulsar at Mt. Hopkins by the SAO group, using the multibeam and double-beam techniques
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(Grindlay et al., 1974 and 1976; and Helmken et al., 1975). These observations were all con-
ducted with the 10-m reflector alone (multiple beam) or in coincidence with a remote 1.5-m
reflector (double beam). All observations were done in a tracking mode on NP0532 in an
effort to observe a pulsed flux; background was not measured off source to determme a
steady flux. The final results have been described by Grindlay et al. (1976), and only a sum-
mary will be given here. In figure 2, the phase histograms of selected y-EAS show the Crab
pulsations at about the 50 level. The phase of each EAS arrival time (recorded within 100 us
of absolute UT) was computed by interpolation between phases calculated for the optical
pulse every 30 minutes. ‘The accuracy of both the data recordmg and analys1s systems was
again verified by recordmg ‘the optical pulsatrons of NP0532 with the 1.5 -m Tﬂlmghast tele-
scope at Mt. Hopkins (adjacent to the 10-m reflector) and the y-ray data’ recordmg system,
The optical-phase histogram is also given in figure 2 (lower sectlon),,and the predicted versus
observed phases of both the main and secondary pulses are in close agreement‘.;

The most striking feature of these results is that the y-ray pulsations at E, 58X 10™! eV are
time-variable. In December 1973, the pulsar was detected at ~ 50- by double—beam observa-
tions (figure 2, mrddle) in ~ 24 hours of exposure on ~ five nights. The phase of the pulsa-
tions is about 6 ms after the main pulse phase and is in a region of the light curve that is
increasingly “filled-in” with increasing photon energy. Pulse features at this phhse have also
been detected occasionally at radio and X-ray energies. (See Grindlay et al., 19’E6 for refer-
ences.) In January 1974, however, the pulsations were detected (figure 2, top)gagam in just
a single peak but ata phase ~ 2 ms before the phase of the optical sécondary puise The
effect was present only i in the hlghest pulse-height data or for E > 1012 eV, whtreas the
double-beam pulses were ev1dent over the entire (factor of ~ 10) pulse-herght range above
the threshold ~ 8 X 104-eV. Thus, these results provide strong ewdence for a very flat spec-
tral component (consistent with F (& E) ~ A E°) of the NP0532 spectrum at the highest
energies that is almost certamly not (by v1rtue of its shape and time varlablhty) an extra-
polation of the “low-energy” spectrum through ~ 100 MeV. We return to further discussion
of this spectrum below. . z

Several other groups have also reported phase shifts in positive effects from NP0532 Jennings
et al. (1974) reported a ~ 3¢ pulsed effect:at > 10'? ¢V that was peculiar in that two peaks
(with the ~ 13-ms separation of the optlcal pulses) were detected at a phase ~; 14 msec before
the optical phase. It should be noted that these observations were all conducted after the
major Crab glitch of September 1969. In January 1972, Porter et al. (1974) reported a~40
pulsed effect (E; >5x1012 eV) at-the phase of the optical seeondary pulse -The effect ap-
peared to be vanable on time scales of several days and was, in fact, only detected on the

first two of three nights in Janudry and not in Eebruary 1972. The observations were con-
ducted with a coincidence wide-angle single-beam Cerenkov system at Mt. Hopkins, and it is
interesting to note that the phase is in good agreement with the double-beam observations
(Grindlay, 1972; and Grmdlay et al., 1976) obtairied i 1n November and December 1971. It

is also interesting to note that these’ observatlons all were w1thm several months of a minor
glitch of the pulsar in early October 1971. -
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Figure 2. NP0532 phase histograms: multibeam three fold coincidence events in
January 1974 (top); nonrejected double-beam events in December 1973 (middle);
and optical pulsesrecorded with 1.5-m Tillinghast telescope and ‘y-ray data record-
ing system in September 1973 (bottom).
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In December 1973, on some of the same nights (e.g., December 1) as the Mt. Hopkins ob-
servations, Tornabene (1976) was recording on the Crab with his multidetector Cerenkov
system for locating EAS cores and lateral distributions as described above. Analysis of these
data is awaited. Because the detection threshold was = 1013 eV, a careful phase analysis of
the selected EAS arrival times could establish or limit the highest energy end of the pulsed
spectrum detected at Mt. Hopkins. Since the threshold energy is well above the expected
(Grindlay and Hoffman, 1971) break at ~ 10'2 eV for any steady flux from the Nebula and
since apparently no “‘sky” background scans were made, positive d.c. effects may be unlikely.

Finally, in February and March 1975, Erickson et al. (1976) have also recently found evi-
dence for the detection of NP0532 at E > 10'3 eV. They used a coincidence single-beam
system in which two multimirror reflectors were coaligned on the Crab in a tracking mode.
Events were defined by requiring the equivalent of four fold (out of 16) coincidences, but
no active cosmic-ray rejection was available in the analysis. A phase analysis of the detected
events on five nights yielded peaks either just before the optical secondary pulse (March 15)
or at ~ 5 ms after the optical main pulse (March 14 and 17). These positive effects were
again delayed after another major Crab pulsar glitch on February 4, 1975 (Lohsen, 1975);
observations just after the glitch on February 10 and March 4 did not indicate pulsations.

We have plotted most of these Cerenkov results on the Crab pulsar in the spectral plot of
figure 3, which also shows the extrapolation of the NP0532 spectrum through ~ 1 GeV
(McBreen et al., 1973). Although probably only the double-beam results and the wide-angle
results of Porter et al. (1974) are statistically very significant, all of the results taken together
present an almost certain detection of NP0532 at energies > 1012 eV. If this detection is
accepted (as the many independent observations require), it is also very likely that the pulsar
spectrum at these energies is either flat or conceivably even has a positive slope above 101
eV! It is also necessary to accept the fact that this spectral component of the pulsar is time-
variable in both amplitude and phase.

There is evidence, of course, for changes in the pulsar emission that may directly relate to
this high-energy y-ray variability. The possible association of detection at the several phases
with glitches has been mentioned above. The detections of December 1973 followed a
period of enhanced (on a broad decline) radio emission (Rankin et al., 1974). This possible
association of detectable pulsations and general pulsar variability suggests that the enhanced
positive d.c. effects reported by Fazio et al. (1972) following the September 1969 and
August and October 1971 glitches could, in fact, have been pulsed with variable phase.
However, for this niot to have been evident in the pulsation analysis, the phase variability
must be on a time scale of several days such that pulsations were smoothed out in the less-
sensitive single-beam data. Although time scales of days are, in fact, indicated for the phase
variations described above, the apparently flat pulsed spectrum could tend to argue against
a largely pulsed origin for the short-term enhancements at ~ 101 eV.

In any case, these lowest energy Cerenkov results are most significant for the d.c. flux limits
that limit the minimum value of the average magnetic field in the Crab Nebula to
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B l.'>” 5 x10* gauss. This value was recently calculated by the author using: (a) the Compton-
synchrotron model of Grindlay and Hoffman (1971), (b) the “recalibration” of the Cerenkov
sensitivities of Weekes (1976), and (c) the most recent X-ray data summarized by Wolfe and
Novick (1976), who also derived an upper limit of B, < 8 X 10* gauss from the variation

of the size of the Nebula with X-ray energy. Thus, the high-energy y-ray observations of ex-
tended objects like the Crab Nebula (in which Compton synchrotron processes may occur)
can limit or establish the source magnetic fields. In the Crab, the best value appears to be

~ 6 X 107 gauss, or near the equipartition value.
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Figure 3. Spectral distribution of recent Cerenkov results on NP0532 pul-
sations. The extrapolation of the low-energy spectrum is also shown.

Results of Northern Sky Observations

We have emphasized the Crab results because these are the most significant detections of the
northern sky observations. A large number of other candidate sources have also been observed,
although for none has the exposure been more than a fraction of that on the Crab. Results
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on a list of 27 objects (primarily supernova remnants, radio galaxies, and quasars) have been
reported by Weekes et al. (1972). Most of these were surveyed with the drift-scan technique
although several were tracked with the 10-m reflector. All observations were done with the

single-beam technique, and no significant positive effects were found, although useful limits

on magnetic fields were obtained for several in addition to the Crab. '

A total of 41 objects have been observed by the group at the Crimean Observatory (Stepanian

et al., 1975) using a driftscan technique. Although these observations were “single-beam”

in that no cosmic-ray rejection was employed and the detectors were pointed djrectly at the

. position through which the source would transit, two separate two fold coincidence detectors

(1.5-m reflectors) were used. These were offset in right ascension by 2.5° so that the candidate

"‘_sburce would transit through the two systems sequentially, thus allowing a check on sky
transparency independent of sky brightness or source contributions. These authors have de-
rived the actual distribution of rate fluctuations and have found that the data are well-described
(within a few percent) by normal statistics near the zenith. Such checks are especially im-
portant for all Cerenkov observations in which source and background are compared. In
general, coincidence experiments—even without servoing the phototube singles rate or current
on sky brightness—give experimental fluctuations within a few percent of Poisson values (see
also discussion of southern-sky results below and Grindlay et al. (1975a)), whereas single-

channel systems (e.g., Weekes et al. (1972)) yield Ocxp /athemr =1.15.

Three possible sources (= 30)atE =2 X 10!2 eV were reported by the Crimean group.
These are unidentified regions near a = 05® 15™,§ =+1° and a = 01" 11™,§ = +62°. The
first of these may be associated with a source at ~ 100 MeV reported by Frye (1973). The
second of these is claimed by the authors to be time-variable as it was not detected by Mt.
Hopkins observations (Weekes, 1973) between two periods of possible detection. Clea‘rlyv
further observations are needed. The third source reported is Cyg X-3, an X-ray source with
a 4.8-hour period that has been detected up to hard X-ray energies (Pietsch et al., 1976).
The drift scans in 1972 and 1973 on this object yielded ~ 3.5¢ evidence for emission from
Cyg X-3 at the X-ray phases, 0.3 and 0.9. The sum of several drift scans obtained at these
phases is shown in figure 4. These data are from just the one of the two offset (in right
ascension) detector systems which was at the lowest energy threshold. No effect was seen in
the other system at a factor of ~ 2 higher energy, suggesting that, if the source was actually
detected, its spectrum (unlike the Crab) must be very steep (with integral spectral index >
3.2). This would imply detection at the high-energy cutoff of the spectrum. Unfortunately,
Stepanian et al. (1975) do not give an estimate of the flux to which the effect in figure 4
corresponds so that comparison with other measurements is difficult. It is curious, though,
that the detection of Cyg X-3 claimed by the same group (Vladimirsky et al., 1973) at the
time of the September 1972 radio outburst was also only detected in the low-energy system,
and yet the flux (given as 2 X 10710 photons/cm? s) is significantly above an extrapolation of
the X-ray spectrum. Apparently, during the outbursts, at least a two-component spectrum is
required if these effects are confirmed.
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Tracking observations of Cyg X-3, with fields of view increased to 2° were conducted from
July to November 1974 (Vladimirsky et al., 1975). In August (only) a significant effect
(~ 4.40) was detected, which was primarily at phase 0.35 of the 4.8-hour period and which
was also apparently detected by both the low- and high-energy threshold systems. It is es-
pecially significant that the authors find the phase of the 1972 to 1973 effect would agree
with that for 1974 if a period of 0.199682 day is used, because that is very close to the cur-
rent best determination (Parsignault et al., 1976) of the X-ray period. This object deserves
much further study by other Cerenkov detection groups as well, since there now (this con-
ference) evidence that Cyg X-3 has also been detected at ~ 100 MeV.

A systematic sky survey of a large area of sky is needed to search for previously unsuspected
sources of very high-energy y-rays. Such a program was described by Weekes et al. (1975),
and a survey of the entire sky north of declination 0° is in progress.- A large fraction has now
been covered, with some areas scanned several times. Preliminary analysis of some of the
data has not revealed evidence for strong sources. One important addition to the system de-
scribed by Weekes et al. (1975) was made: a double-beam system has been included. Two
1.5-m reflectors at 188-m separation from the 10-m reflector were operated in twofold co-
incidence with two pairs of detectors at the focus of the 10-m reflector. The reflectors were
pointed towards each other so that EAS were originally detected at their electron maxima.
Then, as in all the double-beam observations, a third reflector (in this case, located near the
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center of the baseline) was operated in coincidence with each of the original twofold coin-
cidence outputs. This channel, biased to detect the penetrating muon component in the UV,
then provided the cosmic-ray rejection with an efficiency of ~ 70 percent. In addition to
completing the planned survey, a number of observations of the Cyg X-3 region will be con-
ducted.

Results of Southern Sky Observations

Because the center of the galaxy passes directly overhead at southern latitudes (-30°), ground-
based Cerenkov observations of the galactic center source region identified at ~ 100 MeV
(e.g., Fichtel et al., 1975) are particularly attractive. An opportunity to conduct such ob-
servations, as well as a number of other potential very high-energy sources for the first time,
became available in 1972. A group at the University of Sydney, Australia, had conducted
Cerenkov observations (including an upper limit on the Crab steady flux) in 1968 using the
two 7-m-aperture optical reflectors of the stellar intensity interferometer at Narrabri NSW
(Hanbury-Brown et al., 1969). A collaborative observation program between this group and
SAOQO was arranged in 1971 since it was recognized that the computer-controlled Narrabri
reflectors were ideally suited for tracking-mode double-beam observations. The reflectors
and data recording system were thus converted to accomodate the double-beam observations,
land a program of observations of 11 candidate sources was carried out during April to July

| 1972, April to June 1973, and March to April 1974. A complete description of this

program and the results have been given by Grindlay et al. (1975b), and we shall give only
. a brief summary here.

All the observations were conducted with the reflectors separated by 120 m and tracking the
source under computer control while maintaining the double-beam pointing geometry as
shown in figure 5. The rejection efficiency against p-EAS achieved by the off-axis photo-
multipliers was ~ 60 percent and the total EAS detection rate was ~ 1 sec’l. Candidate
source objects were tracked in between observations of ~ one-half the duration in which
comparison sky regions (= 2° in right ascension to either side of the source) were tracked
over the identical ranges of track and elevation angle as the source. The comparison regions
were selected for identical sky brightness and, hence, singles rate as the source, and thus no
servo of photomultiplier voltages was required.

No significant effects were detected from the galactic center or from possible point sources
reported at ~ 100 MeV (Frye et al., 1971). The upper limit for emission from within ~ 1° of
the galactic center was F (=3 X 1011 eV) < 8 X 101! photons cm™2 sec! and is a factor of
~ 3 above an extrapolation of a #° spectrum from the ~ 100 MeV results. This result also
requires that any flat inverse Compton component of the galactic center (or plane) flux not
extend to > 10 eV without a break in the spectrum. Interesting results were obtained on
the three pulsars observed. All showed a “‘steady-source” excess of > 20 above background,
with MP1451-68 actually ~ 30 positive. However, upon analyzing the data for pulsations

at the predicted periods and summing all the data in phase, only the Vela pulsar yielded
evidence for pulsed emission, and this only in 1972. A ~ 40 (single) peak was evident in
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Figure 5. Geometry of Cerenkov detection of EAS by double-beam technique.
Application shown is for 7-m optical reflectors of Narrabri
" Observatory, NSW, Australia.

these data at a phase within 3 ms before the (de-dispersed) radio pulse phase (Grindlay et al.,
1975b). This single peak contrasts with the double-peaked pulse structure found at ~ 100
MeV (Thompson et al., 1975) although it is similar to the Crab pulsar results at comparable
energies (figure 2). Thus, it is striking that just as the Crab and Vela pulsars show almost
identical double-pulsed light curves at ~ 100 MeV, they may also be very similar (single
pulse) at very high energies. Because a very much smaller effect, and only at the highest
Cerenkov pulse heights (or primary energies), was detected in the 1973 observations, the
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Vela spectrum may be like the Crab pulsar also in being very flat and time-variable. Unfor-
tunately, the single 40 detection (1972) of Vela renders these results much less certain sta-
tistically than for the Crab. However, one may speculate that, if pulsars produce very hlgh-
energy -y-ray sources with variable phase, perhaps the “steady” effects on MP145 1-68 (and,
although only ~ 2g, also on PSR1749-28) are actually pulsed with phase variations occur-
ring within a few days or less. : '

The final result we shall summarize was obtained on the radio galaxy Cen A (NGC5128).
This is the closest (~ 5 Mpc) of three active galaxies (including the QSO 3C273) observed
and is especially interesting for its compact source structure in the nucleus detected through
hard X-ray energies. The source was detected at 2 to 30 in each of the three observing
periods for a total detection at the ~ 4.60 level of an average flux

F (>3 X 10! V) ~ 4.4 X 10! photons cm? sec™

Complete details are given by Grindlay et al. (1975a). About one-half of the data were re-
corded with pulse-height (spectral) information, and the spectrum of the observed y-ray flux
is consistent with a spectrum that is flatter than the background cosmic-ray spectrum up to

a break at ~ 3 X 1012 eV. Such a spectrum and, indeed, the entire detected flux can be un-
derstood in terms of a Compton-synchrotron model of the nucleus of NGC5128 (Grindlay,
1975) in which the ~ 10'? ¢V y-rays are produced by inverse Compton scattering of an X-
ray synchrotron electron spectrum (through electron energies ~ 1013 eV) on the optical/
X-ray syhchrotrdn photons. The synchrotron spectra were calculated assuming that the
compact sources are self-absorbed in the radio regime. The very high-energy y-ray flux then
provides the additional constraint necessary {o solve for both the source angular diameter
and the magnetic field. The complete source spectrum model requires a two-component
source whose diameters are then calculated to be ~ 0.01 and 0.2 pc and magnetic fields ~ 2
and ~ 0.01 gauss, respectively. The high-energy y-rays are produced in the larger component,
which may be a cosmic-ray source surrounding the smaller source in the nucleus of NGC5128.

CONCLUSIONS

After a long beginning, it now seems that ground-based y-ray astronomy has begun to yield .
positive results of great astrophysical interest. The early upper limits on steady emission
from objects such as the Crab Nebula were themselves of fundamental importance for es-
tablishing limits to pion production and to the necessity of continuing acceleration of
electrons (Chudakov et al., 1965) and for important limits on the magnetic field (Weekes et
al., 1972) in the Crab. With solid evidence for pulsed emission from NP0532 at = 1012 eV
(that is, variable in phase and amplitude), pulsar emission and particle acceleration theories
are additionally constrained. Consideration of these theories suggests, for example, (Grindlay
et al., 1976) that the very high-energy pulsed spectrum may arise from bremsstrahlung of a
cosmic-ray beam (accelerated off the neutron star) as it traverses relatively dense matter -
accumulated at the “force-balance” radius (Roberts and Sturrock, 1973) relatively far from
the star (thereby also escaping pair conversion in the magnetic field). The possible associa-
tion of NP0532 emission (at > 10" eV) and pulsar glitch activity might then be understood,
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because glitches may arise when matter from this force balance shell is released into the
Nebula. Alternatively, Cheng et al. (1976) have demonstrated that the observed (~ 90°)
phase shift suggests that the very high-energy pulsed flux can arise from a spark-gap region
near the light cylinder where a phase shift is expected from the relativistic velocity of the
magnetosphere.

The results obtained by the Crimean group, particularly on Cyg X-3, are of great interest. If
the Cyg X-3 variable emission, primarily at X-ray phase ~ 0.3, can be confirmed, it is of major
significance for theories of this very unusual X-ray source. None of the currently proposed’
thedries for this object would directly predict 1012 eV y-rays. A y-ray flux could arise from
(presumably, by inverse Compton or bremsstrahlung processes) production of > 102 ev
cosmic rays in this type of source. The evidence for the reality of the periodic 102 ev
emission from Cyg X-3 reported by Vladimirsky et al. (1975) is greatly strengthened by the
fact that the trial best-fit period they proposed (0% 199682) now turns out to be the best-fit
X-ray period (Parsignault et al., 1976). :

The most important result of the southern-sky observations is the detection of > 101 eV
Yyrays from the first extragalactic source, Cen A. This result and the model (Grindlay, 1975),
which accounts for the flux and entire NGC5128 spectrum by inverse Compton scattering in
compact synchrotron sources in the nucleus, provides new insight into the physics of active
galaxies. The results suggest that other objects of this type may also be detected. The other
key results of the Australian observations were the possible detection of pulsed emission from
the Vela pulsar PSR083345, with pulse profile and variability similar to that of the Crab
pulsar, and the lack of detectable emission from the galactic center or galactic plane.

It is useful to summarize the major conclusions reached by very high-energy y-ray astronomy
to date:

1. 'Gamma-ray sources above 101 eV appear to be point sources or compact objects f
which may usually be time-variable and are accelerating cosmic rays. The physical
conditions (i.e., magnetic fields, energy densities, etc.) in these objects are revealed
by the very high-energy y-ray fluxes or upper limits. A

2. Pulsars, at least the Crab and possibly Vela and others, produce very high-energy '
" spectra of pulsed y-rays that are variable in phase and amplitudes. These spectra
are almost certainly not an extrapolation of the low-energy pulsar spectrum and

may arise from the primary particles (rather than their cascades) accelerated by
the pulsar.

3. All of the possible source fluxes or upper limits reported are 5 percent (usually
<1 percent) of the background cosmic-ray rate detected. While the strongest
classes of sources may not yet have been detected, the high background problem
and results to date point out the necessity that future observations be either double-
beam or multibeam or in some way actively reject the cosmic-ray background.
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The final point should be reemphasized. Despite the very promising progress achieved in
ground-based y-ray astronomy, a major increase in sensitivity is needed. It is very likely that
an extension of the double-beam technique to a multireflector EAS array could achieve this.
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RADIATION MECHANISMS AND MAGNETOSPHERIC
STRUCTURE OF PULSARS*

" 'P. A Sturrock and K. B. Baker
Institiite for Plasma Research
Stanford University, Stanford, California 94305

ABSTRACT -

This article outlines the chain of thought which has led toamodel of
pulsars now being investigated at Stanford Unlver51ty Key early con-
siderations were those which led to the identification of pulsars with
neutron stars and the Goldreich-Julian (1969) model of pulsar magne-
tospheres. Another important step was the recognition that, in a pulsar
magnetosphere, a high-energy y-ray may annihilate to produce an electron-
positron pair. Arguments advanced by Scargle and Pacini (1971) suggest
that pulsar magnetospheres may contain large masses of plasma, a sugges-
tion which has important implications concerning the structure of the
magnetosphere.

Observational data seems to support a magnetosphere model based on
the Scargle-Pacini idea rather than the Goldreich-Julian (1969) model.
The cascade process resulting from pair creation enables one to interpret
the X-ray emission from the Crab and Vela pulsars as synchrotron
radiation. On the other hand, the optical radiation from the Crab pulsar
is best understood as coherent curvature radiation. Radio emission is
interpreted as curvature radiation produced by charge bunches moving
along magnetic-field lines. Certain tests of this model are proposed.

INTRODUCTION

I am very sorry that Franco Pacini could not be here today to give this talk. Franco would
no doubt have had much to say about the origin of cosmic rays. By contrast, 1 have very

little to say on this topic, and I shall be concerned primarily with the problem of the magne-
tospheric structure of pulsars and of radiation mechanisms.

*Presented by P. A. Sturrock
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I think that virtually all scientists now believe that pulsars are rotating neutron stars, but, in
the early days, there was a competing hypothesis that they were pulsing white dwarfs. Some
of you may be curious to ask, “What ever happened to white dwarfs?.” Table 1 shows why
white dwarfs were ousted in favor of neutron stars. “

» Table 1
Is a Pulsar a Neutron Star or a White Dwarf?

NS - WD

1. Period in range 0.03 to 3.7 s
2.  Period stable to one part in 10°

3. Period increases

PR

4. No optical photospheric radiation

5. Two pulsars in supernova remnants v X

It is believed that white dwarfs could not vibrate as rapidly as 0.03 seconds and that white
dwarfs would not have a stability of the oscillation as good as one part in 10°. If pulsars

were pulsing white dwarfs, we would expect their period to decrease because stars become
denser with age just as we all do. One would expect to be able to observe the objects (or

some of them) by their photospheric emission. One would not expect to find pulsars in super-
nova remnants if they were. white dwarfs. Now, of course, one fact will not destroy a theory
or a theorist, but an atray of five facts as good as these will bring any theorist into line.

Once that argument was settled and it was accepted that pulsars are neutron stars, the next
question was where the radiation is produced. There were, and perhaps still are, two schools

of thought. One school proposes that the radiation is produced at the light cylinder. T. Gold,
one of the first, published a paper in 1969 (Gold, 1969) developing the idea of streams of
plasma flowing out along field lines (figure 1). When they get to the light cylinder where

wr = ¢, they must be moving at the speed of light, and they will beam radiation in the for-

ward direction. In 1971, an improved model was developed by Professor Smith, who is now
the director of the Royal Greenwich Observatory (Smith, 1971 and 1973). However, I have
not seen much published from this school in recent years. Some of my colleagues feel that

this particular question is now settled: that radiation is not produced at the light cylinder, it

is actually produced near the polar cap. This school of thought began with two radio observers,
Radhakrishnan and Cooke (1969), who also published in 1969. The diagram in their first

paper is shown in figure 2. It is assumed that radiation is produced at two cones at the magnetic
polar caps. Thus, there are, in fact, two lighthouse beams which swing around with the star.
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Figure 1. Light-cylinder model for emission of
radio energy and relativistic gas. The neutron star
has a corotating magnetosphere reaching out to the
. circle at which wr, the peripheral speed, is close to
" the speed of light. Plasma emitted on the surface
by nonthermal processes will be accelerated to
relativistic speeds and will be flung out of the

magnetosphere (Gold, 1969).

\ A ;
% Relativistic plasma

Path of one
Magnetic Pole.

Unseen cone
of emission

~

Path of other
Magnetic Pole

ROTATIONAL  AXIS

Figure 2. The geometry of polar-cap model: closeup view of neutron star with
emission regions near the surface at the magnetic poles. The dipole-field lines give
a preferred direction to each part of the emission region producing the finear sweep
of polarization observed in a radio pulse {Radakrishnan and Cooke, 1969).
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If an observer is lucky, he may be in the line of fire of one of these beams and see one pulse
per rotation. If he is extremely lucky, so that the rotation axis is almost orthogonal to the
magnetic axis, he may see two pulses There are, in fact, a few pulsars which do show

both the pulse and what is called an “interpulse.”

Also in 1969, a very important paper was published by Goldreich and Julian (1969). (Itis

a rare theoretical paper which leads to an editorial in the New York Times.) This paper out-
lined a model for the structure of a pulsar magnetosphere. The authors showed that the
electric fields produced by induction are so strong that there must be plasma in the vicinity
of the star drawn off by field emission. They concluded that the magnetw—ﬁeld lines could
be closed only out to the light cylinder and must be open beyond that point.. The plasma
flow constitutes a “pulsar wind,” similar to the solar wind.

MAGNETOSPHERIC STRUCTURE

Thus, there were two excellent ideas: that of Radhakrishnan and Cooke (1969) and that of
Goldreich and Julian (1969), which together led to a prediction. One could calculate the
expected pulse width of the beam produced at the polar cap of a pulsar and compare it with
the observational data. However, when this is done, there is no fit between the mean pulse
width expected fora given period on the basis of that model and what is actually observed
(figure 3). This seems to imply that one of the two ideas is incorrect. Either radiation is not
produced as proposed by Radhakrishnan and Cooke (1969) or the magnetosphere does not
have the structure proposed by Goldreich and Julian (1969). I think the answer to that
question comes from considering the braking index of a pulsar. The torque exerted ona
pulsar will, we expect, vary as a power of the rotation frequency

o

®=-Ig_;’J.oc¢n" 0

We can, in fact, determine n from observational data if we know the perlod the denvatlve
of the penod and the second derivative of the penod wh1ch we do for the Crab

Goldreich and Julian (1969) made the definite pred1ct10n that n=3. Data for the Crab 1s _ '
still not certain, but it seems to be in the range 2.2 to 2. 6 (Boynton et al., 197 2).

In any case, it appears that there is a clear-cut discrepancy between prediction and observa- -
tional data, suggesting that the idea of Radhakrishnan and Cooke (1969) may be correct but
that of Goldreich and Julian (1969) is somehow probably incorrect. Where did it go wrong?
A possible suggestion arose from a paper published by Scargle and Pacini (1971), They noted-
that the 1969 glitch of the Crab pulsar was apparently associated both with the dlsturbance
of a wisp in the Crab Nebula and with a change in the dispersion measure. They proposed,
therefore (contrary to most current thoughts), that a glitch is a magnetospheric phenomenon
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log P

Figure 3. Pulse width, W, versus period, P, distribution of pulsars, The -
curves show the mean expected relationship for the PCLC mode! (polar-
cap radiation, lines opening at the light cylinder) for the star masses indi-
cated (® = S type; 0= C, D type).

involving an instability which itself involves a large mass of plasma trapped in a pulsar mag-
netic field. Their estimate was that mass must be about 10%! grams. Dave Roberts and. I
looked into this possibility, and we found that such a large mass could probably not be con-
tained in the pulsar magnetosphere. Either gravitational force or centrifugal force would
disrupt the equilibrium situation unless there was a singular situation with the gas collecting
at the “force-balance” or “corotation” position where gravitational and centrifugal forces
just balance. Suppose that gas were to be ejected into the magnetic field either by evaporation
from the star or by ionization of neutral gas being accreted by the star. If a lot of gas collects
and cools down at small radii, it will fall to the surface. If, on the other hand, it collects at-.
large radii, it will pull open the field lines, the end result being that the largest closed-ﬁeld
line comes at the force-balance radius rather than at the light cylinder.

We can express this radius (of the Y-type neutral pomt) in terms of the mass of the star and
the period of the star:

w?R,, = SM . 3)
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which leads to

RFB = 10—2.9 Ml/3 P2/3 (4)

In the inner region, the magnetic field is approximately dipolar and drops off as 3, but, once
the field lines open up, the field will drop off as 2. This change in the magnetospheric struc-
ture also produces a change in the braking index (Roberts and Sturrock, 1972), which we
calculated to be n = 2.33. This value is in reasonable agreement with the known data. The
opening of the field lines at Ry, also means a larger polar cap, and, hence, a different depen-
dence of the pulse width on the period (Roberts and Sturrock, 1972):

W = 101.1 M-1/6 R1/2 P2/3 (5)

This expression involves the mass of the star, but for masses in the range 0.1 to 1.4 Mo, there
is a reasonable fit with the data (figure 4). We note that different orientations of the spin
axis and magnetic axis can give rise to values of the pulse period either larger or smaller than
the value given by equation 5.

log W

ilog P

Figure 4. Pulse width, W, versus period, P, distribution of pulsars. The
curves repeat those of figure 3 and also show the mean expected relation-
ship for the PCFB model (polar-cap radiation, lines opening at the force-
balance radius) for the star masses indicated (® = S type; 0= C, D type).
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RADIATION

Now, I want to turn to the more important questions: Where and how is the radiation pro-
duced, and how intense is it? First, I would draw your attention to the fact that a wind such
as the solar wind will cause magnetic-field lines to spiral in the equatorial plane. A field
pattern such as this has nonzero curl, so that there must be currents flowing to maintain this
field pattern. If these currents are flowing along field lines, they must originate in, or flow
into, the polar caps. For the simple case that the dipole axis is parallel to the spin axis, at
each polar cap, there will be an inflow of current at the center and an outflow at the edges,
or vice versa. If intense currents are leaving the polar caps, one expects that electric fields
somehow develop in that region to draw off the currents. We can estimate the current and
the charge density and, hence, estimate the voltage required ; for the Crab pulsar, which prob-
ably has a field strength of order 102 gauss and a rotation period of about 33 ms, we find
that the voltage must be of order 106 volts. If any ions leave part of the polar cap, they
may accelerate to that enormously high voltage, and, if they escape into interstellar space,
they might contribute significantly to the cosmic-ray intensity. On the other hand, electrons
will radiate, because they are moving along curved magnetic-field lines and have a smaller
mass, and the radiation reaction becomes so intense that it limits the electron energy to about
101 volts. Hence, if half the rotational power goes to driving the ion flow and the other half
goes to driving the electron flow, almost all the power that goes into driving electrons will go
into an intense flux of y-rays of energy about 1012 eV,

Our model has now advanced to the point that we have a structure for the magnetosphere,
and we have an elementary picture of where the acceleration occurs. But, what we now find
is that we have produced an intense source of very high-energy y-rays. Perhaps participants
in this conference may be happy about that, but radio astronomers are not really satisfied
because they assert that all pulsars produce radio emission. In addition, one pulsar produces
optical emission and perhaps two produce X-rays, whereas the only radiation produced by
the model at this stage is a flux of y-rays.

The missing link (Sturrock, 1971) is believed to be the following: If a high-energy y-ray is
moving transverse to an intense magnetic field, it will annihilate to produce an electron-
positron pair. The y-ray energies in the Crab, for example, are so high and the field strength
is so high that this annihilation will occur very rapidly. When it occurs, there are two impor-
tant consequences. One is the production of secondary particles—electrons and positrons—
moving with nonzero pitch angles which therefore will emit by the synchrotron process.

This may give rise to the optical or X-ray or y-ray part of the spectrum. The important point
is that, whereas we began with a stream of charge of just one sign (electrons), we now have

a stream with particles of opposite sign—positrons. Some of these will tend to move back
toward the surface of the star under the action of the electric field, and this will create a two-
stream situation which plasma physicists know is potentially unstable. If the instability
should occur, it will give rise to bunching of the charges. It is precisely this bunching that
one needs to give rise to radio emission, because single particles flowing along curved field
lines will give negligible radio emission, but bunches of charge will give significant radio emission.
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One may estimate the spectrum to be expected from this model (Roberts et al., 1973). With
quite a reasonable assumption about the degree of bunching of the electron beam, one can fit
the radio data. The simplest estimate of the X-ray spectrum gives a v1/2 law, but, when one
takes full account of the cascade process, this becomes modified to a »"! law, which is a better
fit to the observed data. The estimates are fairly sensitive to the mass of the star. However,
an important point is that the model does not allow y-rays of energy 10'2 eV to escape from
the polar-cap regions. Hence, the observations by Grindlay (1972) are hard to understand.
Second, the emission is self-absorbed at 2- or 3-keV energy so that there is no way to explain
the optical emission on the basis of this model. In fact, the optical pulse shape has such a
sharp cusp that it must be produced by particles of energy 108 eV or more. This means that
the magnetic-field strength must be less than 10% gauss if the radiation is being produced by
the synchrotron mechanism. But, the field has this low a value only near the light cylinder.
The difficulty with assuming the radiation to be produced near the light cylinder is again

that the cusp is so sharp that it would require emission in a very small region of the light
cylinder. I am not saying that these requirements cannot be met, but there is no current
model that satisfactorily meets them.

One way out of this difficulty was proposed by Steve Turk, a student who worked with me
and who, unfortunately, died 3 years ago. His suggestion was that each primary electron
gives rise to a stream of y-rays, each y-ray producing an electron-positron pair, so that a string
of secondary particles form near each primary electron. A very small separation of these
particles, due to a quite small electric field, will mean that the electrons and positrons will
behave independently so that one can obtain coherent radiation in this model even in the
optical part of the spectrum. Hence, we propose that the optical radiation from the Crab
may be coherent curvature radiation. The observational data yield a spectrum which peaks
at little less than 10'5 Hz at a luminosity of about 1018 ergs per Hz per second. One can
fit this data approximately with a star of mass 0.4 solar masses, which is also the mass indi-
cated by the power budget of the Crab Nebula (Sturrock et al., 1975).

DISCUSSION

To conclude, we shall review the properties which we attribute to pair creation:

1.  We believe that pair creation explains the period-age distribution. The point is
that, as a star slows down, it eventually reaches a period (for a given field strength
and mass) for which pair creation will no longer occur. In that case, we believe
that bunching will no longer occur so that there will no longer be radio emission
(Sturrock et al., 1976).

2. We attribute the coherent RF radiation to pair creation, as discussed earlier.

3. We believe that the optical radiation from the Crab is coherent and is due essentially
to the pair-creation process.
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4. = We believe that X-ray emission from the Crab and Vela pulsars is due to pair creation.
[T would add that, if the new observations of radiation from 1747 and 1818 are
correct, this y-ray emlsswn (which is of fatrly low energy) may. be due to pau‘
creation.]

5. Based on analysis of the radio data (which is not unambiguous), there appears to be
a large flux of low-energy particles into the Crab Nebula. The current model does
lead to a large particle flux (mainly of positrons and electrons) into the Nebula.

6. ' Theprecursor of the Crab may be due to the possibility that radic emission occurs
not only where electrons leave the polar cap (EPZ), but also where ions leave the
polar cap (IPZ). Because the Crab is the only pulsar spinning rapidly enough for
pair creation to occur in the IPZ, it is the only pulsar for which this process would
occur. This interpretation suggests an explanation of the cunous fact that the Crab
is the only pulsar with a precursor. :

There are still some observations to be made that I think would help to resolve some of the -
remaining outstanding equations. I think that it is most desirable to try to determine whether
the optical and the X-ray parts of the spectra of the Crab pulsar are continuous or whether
they are quite distinct. This can be determined by trying to extend the optical spectrum into
the UV or by trying to extend the X-ray spectrum to lower energies. It would also be valuable
to try to determine the polarization of the X-ray emission from the Crab pulsar because the
model I am proposing suggests that the E-vector of the X-ray emission should be orthogonal
to the E-vector of the optical emission. On the other hand, if they are both produced by the
same process (e.g., if they are both synchrotron radiation), they should both have electric
vectors in the same direction.
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ABSTRACT

Recent data from the high-energy y-ray experiment have revealed the
existence of four pulsars emitting photons above 35 MeV. An attempt
is made to explain the y-ray emission from these pulsars in terms of an
electron-photon cascade that develops in the magnetosphere of the
pulsar. Although there is very little material above the surface of the
pulsar, the very intense magnetic fields (1012 gauss) correspond to many
radiation lengths which cause electrons to emit photons by magnetic
bremsstrahlung and which cause these photons to pair-produce. The
cascade develops until the mean photon energy drops below the pair-
production threshold which is in the /-ray range; at this stage, the
photons break out from the source.

INTRODUCTION

Initial results of the SAS-2 y-ray telescope have shown that two of the outstanding y-ray
sources in the galactic plane survey were the pulsar, PSR 0531+21 (Crab) and PSR 083345
(Vela) (Kniffen et al., 1974; and Thompson et al., 1975). Subsequently, a more extensive
search of the SAS-2 data for pulsed emission from 75 more radio pulsars has yielded positive
fluxes with chance occurrences less than 10" for PSR 1747-46 and PSR 1818-04 (Ogelman
et al., 1976).

Among these four y-ray emitting pulsars that cover an age span of 10° to 108 years, only the
youngest one, Crab-Nebula pulsar, exhibits emission in other parts of the electromagnetic
spectrum in addition to the radio and y-ray region. Thus, it appears that y-ray emission
around the 35 MeV region is a fundamental emission feature of pulsars. In this paper, we
attempt to show that this feature is a consequence of the coexistence of intense magnetic
and electric fields that can produce energetic electrons near the pulsar surface.

Because y-rays in the energy range under discussion are commonly considered to be the sig-
nature of high-energy protons interacting with the ambient medium and producing = mesons
which, in turn, decay into y-rays, we may consider the applicability of this process to the
pulsars for the production of y-rays. There are two strong objections to this alternate ex-
planation. One is the fact that, above the surface of the pulsar, there is very little material
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to cause interactions of the high-energy protons that may be accelerated in the electric fields
near the surface. The density of current-producing charges is estimated to be near 1013 ¢m3
even for the fastest pulsars. This magmtude of density, mtegrated to the speed of light cyl-
inder, only yields about 10 micrograms ¢cm” 2 of material above the surface, which is of the
order of 10°® to 107 interaction mean-free paths for protons. The second objection lies in
the fact that, even if sufficient material was found for protons to interact, such as the surface
of the neutron star, the efficiency of the w production process requires 10% to 10*0 protons

1 to account for the y-ray flux of an object such as Crab-Nebula pulsar. This is abouta
factor of 106 Iarger than the estlmated prlmary electron flux.

’Tummg back to the matenal-starved electromagnetically rich pulsar magnetosphere we can
speculate on how one mady get special emphasis in the emission around y-rays below the
Earth’s atmosphere. If we perform such an experiment, we may notice a preference of yrays
- around the 10- to 100-MeV region. Although the details of the interactions are complex, we
can guess the reasons behind the energy preference. Initially, we start on top of the atmos-
phere with energetic particles. The atmosphere is many interacting mean-free-paths thick to
the cosmic rays. The high-energy protons quickly interact, producmg mesons which then
decay unmedlately into electrons, positrons, and y-rays, thereby 1n1t1atmg an electromagnetm
cascade. The electrons predomimantly lose their energy by bremsstrahlung to photons of
comparable energy and create electrons with about one-half their energy ; the electromagnetic
. cascade thus multiplies and grows. When the average electron energy drops below 80 MeV,
the electrons predominantly start losing their energy by ionization, and, at around 20 MeV,
the photons lose energy through the Compton process. At this stage, the electron and photon
components can no longer sustain each other, and the shower stops growing. Furthermore,
around the 10- to 50-MeV region, the photons have a minimum in their absorption curve
which allows them to penetrate deeper into the atmosphere.

A similar situation exists in the pulsar magnetosphere with the source and observer reversed.
Energetic electrons accelerated near the surface have to emerge out of the intense magnetic
fields of the magnetosphere. In doing so, they create an electromagnetic shower, the photons
of which eventually break out of the surface. To understand more about the shower, let us
review the electromagnetlc processes that take place in intense magnetic fields.

HIGH ENERGY ELECTROMAGNETIC PROCESSES IN INTENSE MAGNETIC FIELDS

Typical parameters of electrons and magnetic fields in the astrophysical setting put the en-
countered electromagnetic conversion processes into the classical relativistic regime. However,
the surface fields of 10!2 gauss of pulsars and electric fields that.can yield electrons with
energies greater than 10% eV force us to treat this phenomenon with the proper quantum
electrodynamical considerations. Following Erber (1966), we define the dimensionless
parameter, T, that characterizes the transition probabilities:

E B.LV ‘ ‘ |
™= (et B o
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where E is the energy of the electron or the photon, B, is the pérpendicular component of
the field to the direction of the particle, and B__ is the natural quantum measure of the field

strength:

) m2 03
B =

o e¢h

= 4414 X 10 gauss IR 2

The measure of the dominance region of the electromagnetic process is also characterized by
this parameter. For the case T<<1, we are in the classical relativistic regime, and, for the T
>>1 region, we are in the quantum electrodynamic regime. In the T 3> 1 region, we can have
pair-production of photons which eventually disappears as T << 1. Furthermore, the peak of
the emitted photon spectrum for an electron of energy E is given by:

3T :
€ max = E(z T 3'r) 3)
For T>1,e ~E,and,for T<<1,e_~ 3ET/2. ‘

With some simplifying assumptions that will alter the high-energy portion of the spectrum,
the magnetic bremsstrahlung spectral distribution of an electron with energy E is given by:-

3 T € .
S

€
¥ -

(E -¢)37

where

§ (5)
and K’s are the incomplete Bessel function integrals that also appear in classical relativistic
synchrotron radiation.

We may notice that the intrinsic rate of magnetic bremsstrahlung is measured by mc? /?ic,
which is of the order of 101* eV/cm. The total energy-loss rates integrated over the photon
spectrum can be expressed as (Erber, 1966):

de 13 -1
Ix = 643 X 10 g(T) eV em (6)
/3
g() = ) 05561 T>>1 )
T2(1 -5957T) 7T<I

To get a feeling for this process we may notice that an electron of energy E in the T > 1
regime will lose one-half of its energy in a distance of 0.11 E¥3 (¢V) H%? (gauss) cm, and,
in doing so, it will typically radiate one photon with one-half of its energy. The situation

is reminiscent of an energetic electron radiating bremsstrahlung photons in the coulomb field
of the nucleus. ‘ ' |
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If we examine pair-production by energetic photons in magnetic fields, we again see the im-
portant effect of T parameter. The photon attenuation coefficient, o (1), can be expressed
as:

1 {*\ (B
a(T) =5 (‘{) ('pz:) T(7) )

c

where T (T) can be approximated by:

(1) = { 0767 > 1
8
0.46 exp (— "37[‘() T 1 9)
The maximum of « (T) occurs at T =12, or €, = 12 mc? BCI/B

For a typical pulsar field of 1012 gauss, this maximum corresponds to 270 MeV. At this
energy, the pulsar magnetosphere corresponds to approximately 101 radiation lengths of
material, or the equivalent of 5 x 10° kilometers of lead. Although the attenuation length
grows exponentially as T decreases, the pulsar magnetosphere is so “thick” that, along the
equatorial plane, it will cause all photons above a few MeV to pair-produce before emerging
out. Near the poles, this threshold energy is increased by about a factor of csc § due to the
reduction of the perpendicular component of the magnetic field, thereby allowing higher-
energy photons to emerge.

PRODUCTION OF ELECTROMAGNETIC CASCADES IN PULSAR MAGNETOSPHERES

Various authors have realized the importance of the above-mentioned electromagnetic pro-
cesses in the pulsar magnetospheres and have invoked them to produce coherent bunches of
electrons and photons to explain the microwave and optical radiation from these objects
(Sturrock, 1971; Ruderman and Sutherland, 1975; and Sturrock et al., 1975).

In general, the complicated relationship and geometry between the rotation axis, 5, the mag-
netic field, B, and the resulting E field in a pulsar differ extensively between different models.
In this paper, we ignore the details and assume that energetic electrons are produced near

the pulsar surface and try to estimate the subsequent radiation produced by these electrons
and the propagation of this radiation through the pulsar magnetosphere. In particular, we
would like to trace the outlines of the cascade shower process that will develop as the ener-
getic electrons radiate photons that, in turn, produce electron-positron pairs.

In the electromagnetic conversion processes discussed above, the relevant component of B
for the radiation process is perpendicular to the direction of motion; therefore, it seems im-
portant to know what the E.B term is that accelerates the electrons. If electrons are going
along field lines, they emit curvature radiation instead of magnetic bremsstrahlung. However,
even electrons accelerated in a typical pulsar can lose their energy by curvature radiation to
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photons around 10? - eV energy (Ruderman and Sutherland, 1975). These photons that
travel in straight lines subsequently encounter the perpendicular component of B as they
travel in the curved lines of force. Once they pair-produce, the electron-positron pair also
feels this component of B in their radiation process. Henceforth, in our discussion, as a first
approximation, we shall ignore the geometry of the field lines and assume that the compo-
nent of B perpendicular to the direction of motion is comparable to B. We can then perturb
our general conclusions for the polar region by decreasing the effective value of B.

Qualitatively, we can describe the cascade in the following manner: An energetic electron in
T>>1 regime (E>>20 MeV for H = 10'? gauss) will lose one-half of its energy in a distance:

B -2/3 E 1/3
~ 1076 —_
Axll2 = 10 (1012) (109) cm an

where B is in gauss and E is in eV. It loses this energy by typically emitting one photon with
energy E/2. The radiated photon, if still in the pair-production regime, will create an electron-
positron pair with each particle containing one-half of the photon’s energy. For a photon

of 10?-¢eV energy in a 10'2-gauss field, the mean-free path against pair-production is about

5 x10°% cm. Subsequently, these electrons and positrons will again radiate one-half of their
energy as a single photon and so forth. When the mean energy of the electron drops down

to a value that correspondsto T ~ 1 (E ~ 22 MeV for B ~ 10'? gauss), it starts losing its
energy mainly by radiating photons of T~ 0.6 which pair-produce electron-positrons with

T ~ 0.3. The next generation of photons has T around 0.1, and they can easily break out

of the surface even if this energy is greater than the pair-production threshold of 2 MeCZ.

Effectively, then, the maximum of the shower occurs when the mean energy of the electro-
magnetic component is degraded T = 0.1 to 0.3 range. Because the photon component of
the shower is attenuated at larger distances as compared to the electrons, this maximum will
not be a strict spatial maximum, but, in the steady state, implies a concentration of electrons
in the above energy range that radiates photons in the corresponding energy range. The

. extent in height of this cascade is small compared with the distance over which B changes
appreciably; hence, we can treat the problem as occurring at a constant B value.

We have carried out numerical calculations of the resulting photon spectrum when we let a
monoenergetic beam of electrons with E = 10 eV pass through a uniform magnetic field of
10'2 gauss. The results are shown in figure 1. The ordinate gives the resulting photon spec-
trum in units of energy per unit photon-energy interval produced by a single electron. The
three different curves, labeled 1, 10, and 30, reflect the spectra after the corresponding
number of iterations in which each iteration is a distance step of 106 cm. If we continue
this iteration process and follow the photons out to large distances, the portion above 5 MeV
should decrease more, and the cascade photons that are produced should increase uniformly
the intensity level below this energy. We would approximate the resulting photon spectra by:
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‘where the critical energy, €, is given by:

log (dE/de,y)

DISCUSSION

Eo .
de - e <e . ’
o B S (12)
0 € > € :
€, ~ 02M ¢ ("ﬁii) | :' (13)
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Figure 1.- Numerical calculations on the

. photon spectrum of a shower initiated by a
10%eV electron in a 1012—gauss field. The
curves labeled 1, 10, and 30 are the number
of iteration steps in units of 106 cm.

5
log (photon energy, eV)

6 7 8 9

There are several factors that will change the idealized calculations of the previous sections.
One factor is assumption of the monoenergetic electron beam. In reality, there will be a
spectrum of electrons accelerated by the pulsar. However, as long as this spectrum implies
the existence of electrons above €_, the conclusions of the previous sections do not change.
The second factor is the possibility of the reacceleration of the electrons as they lose energy.
A third factor is the geometry of the field lines. We can include this effect approximately

by considering the fact that e will increase as csc 8, where 6 is the angle of propagation with
respect to the poles. For example, in the case of the canonical pulsar with B = 10'2 gauss,
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. is about 5 MeV, but within a cone of 6° from the poles. Gamma-rays above 50 MeV will
:tbe able to break through the pulsar. For the case of B =101 gauss, €, ~ 50 MeV, and 500-
MeV photons can emerge from the poles within the 6° cone.

In short, y-rays in the 108 to 10?-eV region are the photons that can break out of the pulsar
magnetic fields, as well as being photons that correspond to the shower maximum produced
by an energetic electron.

The shape of the photon spectrum implies that most of the energy will be radiated away by
the vy-rays near the critical energy. Experimentally, this fact is certainly supported by PSR
083345, PSR 1747-46, and PSR 1818-04, which radiate a factor of 3.5 X10°,2.2 X 10® and
3.5 X 10° more, respectively, in y-rays above 35 MeV than in the radio region, the only

other region in which emission has been detected. In the case of the Crab-Nebula pulsar,
PSR 0532 + 21, the ratio of the y-ray to radio luminosity is again 3.1 X 10° ; however, the
Crab pulsar shows additional emission in the optical and X-ray regions which must be ex-
plained by some other mechanism. Although the radio himinosity itself needs other coherent
processes, it is interesting to note that in all the observed y-ray pulsars, the ratio of y-ray
luminosity to radio luminosity is around 3 X 105,

In conclusion, if the general results of this work are correct, pulsars radiate predommantly
in the 108- to 109-eV range. Although the radio emission is only a trivial part of the energy
loss, in understandmg pulsars 1t has received an unfair share of the effort.

ot
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ABSTRACT

The prospect that density waves and galactic shock waves are present

on the large scale in disk-shaped galaxies has received support in recent
years from both theoretical and observational studies. Large-scale
galactic shock waves in the interstellar gas are suggested to play an
important governing role in star formation, molecule formation, and the
degree of development of spiral structure. Through the dynamics of

the interstellar gas and the galactic shock-wave phenomenon, a new
insight into the physical basis underlying the morphological classification
system of galaxies is suggested.

INTRODUCTION

In this symposium, a primary focus is the structure, content, and dynamics of our galaxy as
revealed by various galactic constituents and tracers—HI, CO, OH, H, ; young stars, HII regions,
supernova remnants, pulsars, y-radiation, synchrotron radiation, and others. Some of these
constituents help to make up the overall gaseous component of our galaxy, whereas the
formation and large-scale distribution of others is directly related to the large-scale dynamics
of the gaseous component. In this review on Density Wave Theory, strong emphasis will
therefore be directed toward the gaseous component and the important role it can play. Our
galaxy is not thought to be greatly different from external spiral galaxies we see, and this
review will focus from time to time on external spirals to help us theoretically view our own

galaxy. :

In many external galaxies, the optical appearance of the disk reveals the presence of luminous
spiral arms. If the spiral arms were material arms and were composed of the same material
for a substantial portion of the lifetime of'the galaxy, the differential rotation inherent in

the disk would tend to overwind the arms into nearly circular forms instead of the spirals
observed. Partly because of this winding dilemma associated with material arms, a wave inter-
pretation of large-scale spiral structure seems necessary. In the wave interpretation, the en-
hanced luminosity of a spiral arm is believed to originate in the very young, newly formed
stars whose births from interstellar clouds have been triggered by the passage of the crest of

a spiral density wave..
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STELLAR DENSITY WAVES

The density-wave viewpoint originate\d with Bertil Lindblad (1963; see also Lindblad and -
Langebartel, 1953) and has been developed toward a coherent density-wave theory by C. C.
Lin and his associates and others (Lin, 1971). Gravitational forces are considered as dominant
forces, with magnetic forces also playing a role, but of secondary importance. The funda-
mental spatial coherence of the wave pattern is provided by the orderly underlying spiral
gravitational field of the collective distribution of old to moderately old disk stars partici- -
pating in the wave pattern. Lin and Shu (1964 and 1966) find that this self-gravitation of ~
the material participating in the wave pattern can go a long way toward helping to sustain: 1t
‘On the other hand, Toomre (1969) shows that a group of spiral waves would still propagate

in the radial direction and eventually disappear in several rotations of the galaxy. Thus, one
of the intriguing problems at the present time is how to account for the origin and permanence
of spiral structure. Fortunately, this ‘problem is now receiving the attention of a number of
researchers, and a variety of promising sources have already been found for the generatiOH of
spiral structure (Lin, 1970; Toomre and Toomre, 1972; Lynden-Bell and Kalnajs, 1972; van
der Kruit et al., 1972; Feldman and Lin, 1973; Mark, 1974, 1976 ab,c d,, Lin and Lau 1975
and Lau et al., 1976).

The mass concentration in a density wave is beheved to constltute only a small perturbatron

on an otherwise rather smooth stellar disk. For this reason, the theory for stellar density waves
has evolved primarily as a small-amplitude linear theory. Figure 1 prov1des a photographic
simulation of a stellar densrty wave.of S-percent amphtude superposed.on a stellar disk whose
axisymmetric distribution is computed from the mass: model of Vandervoort (1979) for our
galaxy. Here, the resulting background wave pattern of old to moderately old stars is hardly
visible, and such background patterns would most certamly be drfflcult to detect m real galaxres.

GALACTIC SHOCK WAVES

On the other hand, the response of the mterstellar gas to the small—background sprral-’ l:
gravitational ﬁeld associated with such a stellar density-wave pattern is, in fact, found to be
a rather large response in which shock waves form along the arms of the background pattern
(Roberts, 1969; see also Fujimoto, 1966). Figure 2 illustrates the location of the. shock formed
along the background arms. Undergoing rapid basic rotation about the galactic center,f, the
gas flows along the arrowed streamlines through the slower rotating wave pattern from one
shock to the next. Itis mainly the spiral-gravitational field of the background pattern, coupled
with rotation along with the effect of préssure and the variation in streamtube cross section
that drives the gaseous response and forms the shock. The galactic magnetic field and the
cosmic-ray particles which interact with the magnetic field also constrain the gas motion.” In
the model here, a galactlc magnetlc ﬁeld is embedded i in the gas (Roberts and Yuan, 197 0),

and the shock that forms is a hydromagnetic shock wave. Because of the enormous size of -
the galaxy, the magnetic field is essentially “frozen into” the gas, and the arrowed streamlmes
represent the gas streamlines, as well as the magnetrc lines of force
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Figure 3 is a sketch of the nonlinear response of the gas-density dlstnbutlon along a stream-
hne The gaseous response has a rather narrow peak mduced by the shock anc

square of the characterlstrc speed . Because the effectrvera '
is typrcally only one-third to one~fourth of the root*mean-

form of the background forcmg field adopted to drive the gas. For example ina t1me- :
dependent study of the gas response to a bar-like oval distortion, Sanders and Huntley (1976)
find a large-amplitude wave pattern of a character rather similar to that in figures 2 through
4, but with rather open spiral arms. Figure 5 shows a photographic sunulatlon of the gas~
density distribution in two different cases of mlld bar-shke forcrng 3

GAS-CLOUD COLLAPSE AND STAR FQRMATION

Galactic shock waves may well form a possrble triggering mechanism for the gravrtatlonal
collapse of gas clouds, leading to star formation and the formation of other tracers along
spiral arms. Figure 3 ﬂlustrates this possible star-formation mechanism. Gas ﬂows into this
shock and compression region from left to right. Before reaching the shock some of the
large clouds and cloud complexes may be on the verge of gravitational collapse. A sudden
compression of the clouds in the shock could conceivably tngger the gravitational collapse
of some of the largest gas clouds. As the gas leaves the shock reglon, it is rather qulckly
decompressed and star formation ceases.

On the small scale, the main obstacle to star formation is that most of the mterstellar gas
clouds would not be even remotely bound by their self-gravitation if the clouds were 1solated
entities placed in a vacuum. Random motion can act as a “pressure” in that it provrdes
support against the gravitational fleld of the galaxy; however, there are difficulties in vis-
ualizing how the “effective pressure” is transmitted on a small scale to trigger the gravitational
collapse of clouds. This obstacle is now largely removed through recent work by a number

of researchers who show that the nearly neutral component of the mterstellar medlum may

phases are 1dent1f1ed wrth the observed cold dense clouds at temperatures of 20 to 200 K
and with an unobserved hot, rareﬁed intercloud medrum at temperatures of perhaps 10* K.

In a study of gas flow based on the two—phase concept (Shu, et al., 1972) galactlc shocks are
found to be initiated by the “hot” mtercloud medium. For the case of S—percent spiral field,
it is found that the total varratron of pressure along a streamlme at the solar c1rcle exceeds
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the range of pressures consistent with the thermal stability of both cloud and intercloud phases,
and phase transitions occur in the flow. Inside the shock layer, the transient pressure tends

to achieve a value higher than the maximum pressure p,  , consistent with thermal stability

of the intercloud medium, and this forces a transition of some of the “hot” intercloud gas

into the “cold” cloud phase. On the other hand, in the interarm region, the pressure tends

to drop to a value lower than the minimum pressure, p, . , consistent with the thermal stabil-
ity of the cloud medium, and this forces a reverse transition of some of the cold cloud gas

into the hot intercloud phase. As the pressure tends to drop below p,_, in the interarm
region, the evaporation of cloud material to the intercloud phase helps to maintain a con-

stant pressure environment for the remaining clouds.

In this picture, the clouds are viewed as embedded bodies which expand or contract to 'adjﬁst
to changes of the ambient pressure of the intercloud medium, and the increase in pressure
across the galactic shock occurring in the hot intercloud phase is, in turn, transmitted to the
cold clouds, leading to star formation. Dueto the greater compressibility of the gas in the
two-phase model and the nonlinear nature of self-gravity, the critical mass for the gravitational
collapse of a gas cloud is substantially reduced from that estimated for an isothermal gas by

a factor greater than 10. This decrease of the threshold for gravitational collapse, coupled
with the effect of the galactic shock as a possible triggering mechanism, helps to explain why
the regions of active star formation can be delineated so sharply in certain external galaxies.

In a study of the time scales relevant to cloud formation and star formation, Biermann et al
(1972) follow the phase transition process by a simple numerical model of thermal evolution
in cases for different strengths of compression and magnetic field and for different rates of -
heavy element depletion onto grains (see also Mufson, 1974 and 1975). Through this work,
they reconfirm that the transition to the cool stable-cloud phase may occur within 10® years
and that stars may form within approximately 5 X 10® years in agreement with the time
estimates for M51 by Mathewson et al. (1972) and for M81 by Rots (1975). Woodward (1976)
further enhances the theoretical picture through studies of shock-driven implosions of inter-
stellar clouds toward star formation (see also Sawa, 1975). Shu (1974) considers the Parker
(magnetic Rayleigh-Taylor) instability for an interstellar medium composed of thermal gas,"
magnetic field, and cosmic-ray particles and investigates the tendency of the gas to drain
down magnetic field lines into dense pockets of concentration. Mouschovias et al. (1974)
suggest further that the mltlatlon of this instability in the interstellar medium by the passage
of a galactic shock may play a strong role in the formatlon of large cloud complexes, OB
assomatlons, and glant HII regwns

STRONG SHOCKS WITH NARROW ﬁREGIONS OF HIGH-GAS COMPRESSION AND
WEAK SHOCKS WITH BROAD REGIONS OF LOW-GAS COMPRESSION

For a wave of given amplitude, the strength of the shock and the degree of compression of
the gasvary as the square of the ratio, wi/a, where w, is the total (unperturbed plus per-
turbed) velocity component of the gas normal to a spiral arm, and a is the effective acoustic
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speed of the interstellar gas. If the two-component model of the interstellar medium is
adopted, a is unlikely to be very different from the sound speed associated with the inter-.
cloud medium ~ 7 to 12 km s and a mean value of a in this range might be dictated by the
atomic physics of all spiral galaxies. On the other hand, w, oscillates along a streamline about
its unperturbed value, w ,, because of the forcing of the spiral gravitational field of fractional
amplitude, F. Shocks form if F is suffrcrently large as to force, W, to achieve transonic values.
There are actually two regimes: (1) Wm >aand (2) W, <a. For (1) Wi > a, most of the
gas on the streamline is moving at supersomc speeds, and only a small portion is moving sub-
sonically. The shocks which form in th1s W, o > a) situation tend to be strong and give rise
to narrow regions of high gas compression. For regime (2), w 10 <a, 'most of the gas on the
streamline is moving subsomcally, and only a small portion travels supersonically. In this
(wlO < a) situation, the shocks tend to be weak and yield rather broad regions of relatrvely
low gas compression (Shu et al 1973) Therefore, the strength of the shock and the com-
pression of the gas and the consequent theoretical drfferentratron between spiral structure
with narrow “fllamentary arms and broad ‘massive’ arms seem to be cntrcally dependent

on the quantity: : L ,
W = (Q -Q),w-sml : L T 1)

where i is the pitch angle of the wave pattern ‘which is determrnable from the drspersron relation
of the linear density-wave theory once the pattern speed, SZ , is specified.

INSIGHT INTO THE PHYSICAL BASIS UNDERLYING THE MORPHOLOG!CAL CLASSI-
FICATION SYSTEM OF GALAXIES

A semiempirical study of the dens1ty -wave patterns predrcted in the models of 24 extemal
galaxies is made by Roberts et al. (1974 and 1975; see also. Shu et al., 1971) Frgure 6 provrdes
the theoretical curves of W), i, and F, characterizing the density-wave pattern calculated for
one sample galaxy, NGC3031-M81. The superposition of three sets of curves for three
possible choices of the corotation radius illustrates that the magnitude of wy, over rts extent
and particularly at half-corotation, is not overly sensitive to the location of corotatron. For
NGC3031, the characteristically high levels reached by w , signify that potentially strc'mg
galactrc shocks are possible, together wrth a high degree of development of spiral structure

with narrow “fllamentary arms.

A photograph of the sample galaxy, NGC3031-M81, with ifs typrcally frlamentary sprral armgs
taken from the Hubble Atlas (Sandage, 1961) is shown in figure 7. This well-developed

spiral structure with narrow, filamentary spiral arms is thought to be a consequence of the
rather strong shocks possible in this galaxy. Superposed is the computed wave pattern, based
on the curve of theoretical pitch angle, i, for 9. = 26 km/s/kpc in figure 6. ‘

The theoretical curves of w,,, i, and F for another sample galaxy, NGC598-M33, are provrded
in figure 8. The characterrstrcally low levels of w  signify that only weak shocks, if any at

all, would be possible. Consequently, the eorresponding spiral structure would be expected

to be poorly developed, perhaps with broad “massive’ spiral arms of a fuzzy and patchy nature.
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A photograph of the sample galaxy, NGC598-M33, with its characterrstrcally massrve sprral
arms taken from the Hubble Atlas is shown in frgure 9. This poorly developed splral structure
with rather broad, massive spiral arms is’ thought to bea consequence of the result that only
very weak shocks, if any at all, are pos31ble in this galaxy. Superposed is the cq:mputed wave
pattern, based on the curve of theoretlcal prtch angle, i, for SZ = 32 km/s/kpc in ﬁgure 8

The results for the two sample galax1es in ﬁgures 6 through 9 suggest that the two parameters,
W, , and i, may play a major role in determining the degree of development of spiral structure
in a galaxy, as well as its Hubble type. This role is ﬂlustrated in figures 10 and 5 E where for
the computed density-wave patterns in the theoretical models of 24 external galaxres w
(and potential shock strength) and the theoretlcal pitch angle of the wave pattern are well
correlated with luminosity class and Hubble type, respectrvely In figure 10, high Wio and
potentially strong shocks with narrow regions of high gas compression are found:to corres-.
pond to galaxies with long, well-developed frlamentary spiral arms; low w; 10 and weak: shocks
with broad regions of relatively low gas compression are assocrated wrth galaxles w1th short
patchy, massive spiral arms. - In ﬁgure 11, the computed wave pattems with srnall theoretrcal
pitch angle, i, correspond to relatively early Hubble types, SO/a - She; whereas the wave
patterns with large theoretical pitch angle, i, correspond to relatively late Hubble types,Sc -
Im. Because the theoretical pitch angle, i, is dependent on the choice of corotation radius
in a galaxy, the correlation in figure 11 is equivalent to saying that the theoretrcal»wave r
pattern obtained by choosing the corotation radius according to the criteria in Roberts et al.
(1975) agrees reasonably well with the observed spiral pattern for each galaxy in the sample.

Through the correlations in figures 10 and 11, a new insight Ais 'sugg‘ested into the physieal
basis for the morphological classification system of galaxies. By showrng that typical values
of Wi and i (say at one-half the corotation radius) can be expressed,v,as:

W, = (GM/GC)Vz (&3¢ 534 105,) e @

where f and g are functions whose forms are spemﬁed once the equilibrium disk has been
spemﬁed except for scale factors. Roberts et al. (1975) identify what they believe to be the
two fundamental physical parameters which underhe the accepted type-lummosrty classrﬁ-
cation system of galaxies (van den Bergh, 1960a and 1960b): namely, ( 1) the total mass of
the galaxy, divided by a characterlstrc dimension, GM/w . and (2) the concentration of : mass
towatd the galactic center, coo oM /w These two fundamental parameters govern Wi and
the potentral strength of galactic shocks in the mterstellar gas, as well as the geometry of

the spiral wave pattern.

Figure 12 shows, for example, the dependence of w , and the poteritial shock strength:oﬁ
these two fundamental parameters. The black dots mdlcate the locations of the 24 galaxres
of the sample, plus our own galaxy, with respect to the w . surface. A galaxy wrth a mass
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Figure 10, w,, and luminosity class. Trend for a sample of 24 external galaxies indicative
of a possible correlation betw_een,wld—the, velocity component-of basic rotation normal to
a spiral arm—and shock strength onthe one hand, and luminosity. classification and degree .
of development of spiral structure on the gther, Those galaxies in which potentially strong
shock waves are possible are found to exhibit long, well-developed spiral arms. Those galaxies
in which weak shock waves are predicted are found to exhibit poorly developed spiral .

‘ structqre (from Roberts et al., 1975). :

V‘drstnbutlon of moderate central concentration, as ev1denced by the parameter “’o . /2:3‘ :
bemg near the value of 0.5,1s found to lie near the ndge of the w o surface. Such a galaxy

is capable of formmg rather strong shock waves (even with small to-moderate forcing, F) and
is therefore capable of exhibiting well developed ﬁlamentary spiral structure The larger the
mass of the galaxy, the hlgher along the rldge 1t can mamfest 1tself and the stronger the shocks

[N
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Figure 11. Theoretical pitch angle, i, and Hubble type. Those galaxies whose models
predict wave patterns with very tightly wound spiral arms of small pitch angle; i, are the
galaxies observed to be of relatively early Hubble type; SO/a - Sbe.” Those galaxies whosé
models predict more dpen and loosely wound spiral arms with large pitch angle, i, are the
galaxies observed to be of relatively late Hubble type, Sc - Im (from Roberts et al., 1975).

possible. On the other hand, a galaxy with a mass distribution of very low central concen-
{fration, as evidenced by the parameter, “’o .SM/ , being substantially larger than 0.5, would
lie along the surface at a level well below the ndge A galaxy in this range is capable of form-
ing only weak shocks, if any at all (even with large forcmg F); and the corresponding spiral
structure is expected to be poorly developed and more massive. The three coordinates in

~ this representation are ideal in the sense that they are distance mdependent parameters, and
any uncertainty that may be present in the estimate of distance of a galaxy does not enter
here.
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Figure 12. Theoretical categorization of disk-shaped galaxies—a representation of an ensemble ot

cases
~

spanning the two-dimensional parameter space of the two-fundamental parameters: M/cf:c,

Wo.sm /ch. Wio evaluated at half-corotation generatesaw surface which measures the strength
of the galactic shock possible over all cases of the ensemble. Superposed are 24 external galaxies,
plus our own. Those galaxies with 2 moderate concentration of central mass lie near the ridge of
thew, surface; these galaxies can have the strongest shocks (e.g.,, NGC3031-M81). Those
galaxies with a Jow central mass concentration lie well below the ridge and are predicted to have
only weak shocks, if any at all {e.g., NGC598-M33)} (from Roberts et al., 1975).

Some attention should be directed to the forcing amplitude, F, which, in the density-wave
theory, measures the amplitude of the background stellar density wave driving the gas. In
those galaxies with high levels of w,,, the potentially strong shocks and high gas compressions
can be attained even for rather small (e.g., 5 percent) to moderate forcing amplitudes, F.

The larger F is, the stronger the shocks and gas compressions which can be attained. However,
with zero or negligible forcing, such potentially strong shocks and compressions could not

be realized even for galaxies with high levels of w ;. Unfortunately within the present frame-
work of the theory, the amplitude of the background driving wave, F, can be calculated only
to within an arbitrary multiplicative scale factor. Of course, the real forcing of the gas in

galaxies could be much more complex and even more difficult to calculate if various other

driving and excitation mechanisms should enter to help drive the gas.
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Empirical estimates of mean compression strengths reached in the spiral arms of eleven of the
galaxies in the above sample are inferred observationally by van der Kruit (1973) from high
spatial resolution 21-cm continuum studies with the Westerbork Radio Synthems Telescope
What is indeed interesting is that F and other possible complexities do not seem to play an
overwhelming role because a comparison of the w 10 levels in figures 10 and 12 with van der
Kruit’s mean compression strengths shows general agreement. Through observations of
emission line strengths in the disks of twelve late-type galaxies, Jensen et al. (1976) find
that radial changes in disk-gas composition across the face of a galaxy can largely be under-
stood in terms of this density-wave picture and can be directly related to Variations in the
strength of the gas compression (and w ) and the frequency of compression with each pas-
sage through a spiral wave crest 2(Q-Szp).

INTERNAL STRUCTURE AND TEMPORAL SEQUENCE ACROSS A SPIRAL ARM

In Figure 12 our galaxy is located near the ridge of the w , surface. Unfortunately, from our
vantage point within the Milky Way System, it is extremely difficult to view clearly and de-
cipher the large-scale structure of our own galaxy. Consequently, before focusing on our
galaxy, it might be instructive to view in some depth one or two external spirals which are
located on the w , surface near our own galaxy in figure 12 and for Whlch detalled observa-
tional studies are available.

One important feature to focus on is the predicted internal structure of a spiral arm. This

is illustrated by the sketch in figure 13. With the formation of a galactic shock, the gas-
density peaks along a narrow front and the magnetic field frozen into the gas, and possibly

the dust particles as well, share in this compression. Therefore, a shock, a sharp HI peak, a
narrow dust lane, and the strongest magnetic fields are all expected to lie in a narrow lane on
the inside edge of the bright optical arm of young stars and HII regions triggered by the shock.
Figure 14 provides a photographic simulation of the lane of young stars distributed in a Poisson
distribution outside the shock. To be sure, complexities most certainly arise from a number

of sources ranging from local processes within the shock region governing the interaction of*
clouds with the intercloud medium; e.g., through turbulent viscosity (Sawa, 1975) and
governing the post-triggered collapse of gas clouds (Woodward, 1976) to the effects of spiral
arm drift and age-dependent spreading of the newly formed stars (Biermann and Tinsley; 1974,
and Wielen, 1975). Therefore, figures 13 and 14 are meant to provide only a qualitative -
overview of the temporal sequence of physical phenomena expected in the density-wave theory
across a spiral arm in the region interior to corotation.

THE SAMPLE GALAXY, NGC5194-M51—-0OBSERVATIONAL STUDIES

Recent observational results from the Westerbork telescope in the Netherlands indicate that
NGC5194-M51—a galaxy located on the w,, surface near our own galaxy in figure 12—is one
striking example which exhibits features suggested in this wave picture. Figure 15a shows a
map of M51 and its companion, NGC5195, presented as a series of intensity profiles from
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the survey at 1415 MHz by Mathewson et al. (1972). The most striking feature of the radio
map is the clear delineation of two radio spiral arms. Most of the spiral-arm emission does
not arise in supernova remnants that lie in the bright optical arms, but rather more than half
of the total emission of M51 is contained in the narrow radio-spiral arms. The inner portions
of the radio arms are unresolved by the aerial beam; and this implies that they are less than
250 pc in width. Linear polarization is detected in their emission, which indicates that their
origin is due to the synchrotron mechanism. Connected with this phehomenon of synchro-
tron emission is the strong dependence of the radio emissivity on the strength of the magnetic
field which, in the density-wave theory, is predlcted to be strongest in the compression region
at the shock and dust lane,

The ridge line of the 1415-MHz emission from the radio-spiral arms is determined by Mathew-
son et al. (1972), and this ridge line is shown in figure 15b superposed on an optical photo-
graph of NGC5195-M51. Here, it is apparent that the ridge of the radio-spiral arms in synch-
rotron emission and the strongest magnetic fields lie well along the dust lanes, generally on
the inner sides of the optical-spiral arms.

Through a study of the detailed surface photometry of six galaxies, including M51, Schweizer
(1976) detects background spiral patterns in the old stellar disk population. He identifies

the arms of these broad patterns as background stellar density-wave arms. Figure 16 shows
his surface brightness and color index maps for M51. The red arms which stand out in the O
passband (lower left panel) are composed mainly of old giants underlying the old stellar disk,
and these are the arms in M51 identified by Schweizer for the first time as background stellar
density-wave arms. The blue arms whi»ch’stand out in the B3 passband (upper left panel) are
representative of the young populatiori 1 stars.

In his identification of the background density-wave arms, Schweizer (1976) makes use of &
sequence of azimuthal surface-brightness profiles at different radii, shown for M51 in figure
17. Tt is interesting to note that most of the strong dust lanes (marked by arrows) are not
only located on the inside edge of the arm profiles, but are also often shifted a little onto
the rising inside slope of the profiles. In fact, in the outer parts of M51, some appear even
right on top of the arm profiles. Schweizer (1976) argues that the rise of surface brightness
of the arm profiles inside the dust lanes must be largely due to the old disk stars which parti-
cipate in the background density-wave arms.

In another view, figure 18 shows two projections of a three-dimensional map of the surface
brightness of M51 and its companion, NGC5195, computed by Burkhead (1976) from a com-
bination of photographic plates weighted toward yellow-green (centered about 5300 (&)).
Here, the spiral arms of M51 might well be characterized as narrow roadways slowly winding
up the sides of the steep mountain of total surface brightness (not unlike the wave arms in
figure 1).
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Figure 16. Surface brightness and color index maps of M51: in the lower left
panel, the spiral pattern is interpreted as an azimuthal density variation in the
old stellar disk population, as identifiable in a background stellar density wave

(from Schweizer, 1976).
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THE SAMPLE GALAXY NGE3031-M81-OBSE RVATlONAL STUDIES

Another rather stnkmg galaxy—on the w o surface near our own galaxy in figure 12—for
which hrgh-resolutlon 21-cm line observatlons have been p0351b1e is the galaxy NGC303 l-MSI.
Flgure 19 contains a radio’ photograph from Rots and. Shane (1975) of the observed densﬂ:y
distribution of neutral hydrogen in M81. Although there is a great deal of detailed structure,
two major arms of neutral hydrogen seem, to stand out as rather prominent spiral features.
These HI arms are also closely coincident with the optical arms and the dust. ‘Figure 20 shows
the observed velocrty ﬁeld determined by Rots (1975), superposed on the radio photograph

Flgure 21 from Rots (1975 ) shows the HI surface-density dlstnbutlon asa functton of the
spiral phase around three circular bands in M81, each 2-kpc wide. The concentration of
neutral hydrogen i in’ the sp1ral arms is clearly visible, with the eastern arm around 0° in sprral
phase and the western arm around 180°. Moreover, the density distribution appears to be of
such a nature that the arm ‘peaks are substantlally narrower than the interarm troughs, alto-
gether indicative of nonhnear wave phenomena. |

Rots (1975) also plots the average B-V color in the c1rcular band between 4 and 6 kp¢ as a
function of spiral phase, and this is shown in figure 22. In view of the HI drstnbutlon in the
upper panel of ﬁgure 21, a correlation seems to exist between HI and color in the sense. that
the higher the surface dens1ty of HI is, the bluer the color. Indeed the blue reglons dehneate{.d
by the troughs’ here Aappear even narrower than the correspondmg arm peaks of HI (m the 4=
to 6-kpc band) in figure 21. If these reglons of bluer color are interpreted to represent’ rel—a—
tive increases in the 'Il‘umber of young stars formmg from the HI, then it would appear that -
star formation is occurring with prominence only in the limited regions of the HI spiral arms.
Rots (1975) finds that there is actually a time lag between the highest density of very young
stars and the maximum HI surface density of the order of 10 to 15°, which corresponds to-
an order of 10 mllhon years, in the sense. that the stars are forming w1th most prommence P
just outsrde the ndge of the HIarm from gas that hds already just entered and been com- -
centration of young stars across the splral arms of M81 is just the temporal sequence expected
in the theory between the shock and HI peak and the reg1on of highest concentratlon of
young stars and HII regions. Consequently, these observatlonal results on M81 suggest that
this galaxy is another example that exhibits features predlcted m the wave pictute.

Visser (1975a) apphes the theoretlcal plcture to simulate the nonlmear large-scale gas ﬂow
in M81. Figure 23 illusttates the theoretlcally calculated field of line-of-sight velocities super-»
posed on a 200-1nch photograph of M81 The overall trend of loc1 of equal hehocentnc o St
eﬂect the systematic motaons predlcted along the wave arms. Wlth the inclusion’ of the vazn :j
effect of beam smearmg as:shown in figure 24 (Visser, 1975b) (which is an unavordable effect
inherent in observatlons) substantral progress toward a deeper understanding of M81 is
possible through a companson of the smoothed theoretlcal velocity freld (figure 24) and the :,
observed velomty field (ﬁgure 20) :
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a sequence of

Figure 20. Observed velocity field of M81

Figure 19. Radiograph of the density distribution of neutral

- hydrogen in NGC3031-M81

crests -and troughs in the velocity contours is apparent near
the arms, particularly the eastern-arm (from Rots, 1975).

two major arms of Hi stand out

as rather prominent features (from Rots and Shane, 1975).
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the disk of M81: the three panels show different radius ranges.
The concentration of neutral hydrogen into spiral arms is quite
clear with the arm peaks substantially narrower than the interam
troughs (from Rots, 1975).

0.8 T * .l T
§ 0.7 ‘...'.....o.. -‘..... .‘. -..,.. . ... » 0.-....0.0’-
> . . %er .
[ . . .
o S .

0.6} M 81 %t ]

4 kpcs RS 6 kpe
i 1 i
270° 0° 90° 180° 270°

SPIRAL PHASE

Figure 22. B-V color as a function of spiral phase about the disk of M81:
this plot can be directly compared with the upper panel in figure 21. The
arm ridges where the Hi is most compressed (figure 21) correspond to the
bluer regions (troughs in figure 22) where young stars may be forming
with prominence (from Rots, 1975).
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OUR GALAXY

We now tum to focus on our own Milky Way System. Hopefully, these concepts of density
wave theory which seem to be playing an important role in M51 and M81—two extragalactic
systems for which we enjoy a bird’s-eye view—can be borrowed and applied to help us better
understand our own galaxy.

Figure 25 provides curves of w , for two possible choices of corotation radius in our galaxy
(see Burton, 1976). Because of the high levels attained by w, ,, potentially strong shocks -
and high gas compressions are possible in the inner parts of the galaxy, and these have been,
calculated even for small-to-moderate forcing, F (Roberts, 1969; and Shu et al., 1972).
Simultaneously, the frequency of compression, 2(£2-82_), with each passage through‘ a spiral-
wave crest is also substantially higher in the inner parts due to the differential rotation ‘inhe'rent
in the galactic disk. Both these effects—the potential strength of gas compression and the =
frequency of compréssion-—tend to make the conditions for star formation and molecule
formation rather favorable in the inner parts of the galaxy, perhaps inwards as far as inner
Lindblad resonance about 4 kpc where the spiral wave is thought to terminate (see Shu 1975
Oort, 1973; and Segalovitz, 1975, for application to M81).

30— T T T T T T T T T T 120
25+ W) o — 100
— ~ _
N
20 ~80 ~
a X 1
Yo = \\ - §'
£ \ -
= 15 STRONG ‘\.\ 60 ';
S } COMPRESSION ™ ™ 4 £
; =
10k 2 10km s 4o ©
» » EAK -
Q =20kms kpc COMPRESSION
e N 20
- A
Qp=13.5kms " kpe " \
0 P 1p I I O B TR AR T\ ST W OO M ¢
0

2 4 6 8 10 12 14 16 18 20
! ! R{kpc)
Re=12 kpe Ry =15.7 kpe

Figure 25. Characteristics of the density-wave picture for our galaxy:
strong shocks and high gas compressions are possible (and have been cal-
culated) in the inner parts where Wi > a. The frequency of gas compres-
sion in shocks is afso high in the inner parts. These factors suggest that-
the conditions for shock-triggered star formation and molecule formation

may be favorable in the inner parts of our galaxy (Burton, 1976).
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Both W, (and potential shock strength) and the frequency of compression, 2(52,-52 ), decrease
with i mcreasmg radius in the galaxy. Moreover, in the outer regions over the range of radii
near the solar circle wheére the 1n,trms1c.frequency, v, of the density wave satisfies the relation

2 - o? = n? “)

ultraharmonic resonances can occur in the gas (Shu et al., 1973). Here, « is the intrinsic
acoustic speed of the gas, and n = +2, +3, %4, ... . Such ultraharmonic tesonances tend to
produce secondary coimpressions and secondary arm structures in the gas. These secondary
features bear some resemblance to the secondary arms, spurs, and feathers often observed
(with a bird’s-eye view) in the outer parts of many external spirals. However, their presence,
more than anything else, probably confuses any coherence that the overall spiral structure
might otherwise have in these outer regions. For larger radii outside the solar circle toward
corotation where wlo' < a, only very weak shocks, if any at all, are possible, together with
broad regions of relatively low gas compression. Therefore, in these outer regions where
there may be a lack of coherence, as well as a lack of sufficient gas compression, the condi-
tions for efficient and coherent star formation and molecule formation may be rather un-
favorable except in unusual local environments.

Figure 26 shows the radial abundance distribution of the carbon-monoxide molecule in our
galaxy found by Gordon and Burton (1976). By relating the CO densities to those of molec-
ular hydrogen on the basis of solar abundances, Gordon and Burton (1976) further derive

the radial abundance distribution of H, in the galaxy. This is shown in figure 27, together
with their deduced distribution for total interstellar nucleons. Stecker, et al. (197%) find

that the abundance distributions for CO and H, are more concentrated than that of the HI
toward the inner parts of our galaxy, as well as more concentrated than that of the HI toward
the galactic plane. This separation of the peak concentrations of CO and H,, from that of

the HI suggests that there exists a factor other than the average neutral hydrogen-gas density
which controls the present-day formation of molecules (and perhaps young stars) in the
galaxy. If we adopt the density-wave picture in which the present-day formation of mole-
cules (as well as young stars) occurs, in part, as a result of compression in a galactic shock
wave, it is possible to account for this striking separation as a consequence of: (1) the inward
increase of the gas-density compression (and w ), and (2) the inward increase of the fre-
quency, 2(82-82 ), at which the interstellar gas is periodically compressed. Because stellar
density waves are absorbed at inner Lindblad resonance and cannot propagate inside this
region, substantial molecule formation by the wave mechanism is not expected inside 4 kpc.

Similar morphological characteristics also seem to distinguish the distributions of a number

of other constituents and tracers—HII regions, supernova remnants, pulsars, y-radiation,
synchrotron radiation, and other molecules—from that of the neutral hydrogen (Burton, 1976).
It is intriguing to consider the prospect that the compression-wave mechanism, if strong
enough, might play an important role in the formation and large-scale distribution of many

of these constituents and tracers as well.
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Figure 26. Radial distribution in the galaxy of 12C16O volume densities ég b=0°
(left-hand ordinate) and of the projected '2C'®0 surface densities (right-hand
ordinate) (from Gordon and Burton, 1976).

Optical observations of the spiral structure of our galaxy are confined to the realm of a few
kiloparsecs in radius about the Sun. For this reason, the current picture of the largé-scale
spiral structure rests primarily on radio observations of the 21-cm line of neutral hydrogen.
Unfortunately, from our vantage point within our Milky Way System, we have difﬁculty

in seeing the forest because of the frees.’

As Burton (1972) has demonstrated, it is extremely difficult, if not impossible, to ihterpret

a profile of the 21-cm line of neutral hydrogen unambiguously, particularly with both the

gas density and the gas velocity varying along the line of sight. Of course, in the dens1ty—wave
theory, a relation between density and velocity does exist. However, because of the uncertain-
ty in the choice of specific values for the parameters of the model and because of uncertain-
ties in the physical properties and state of the HI gas and the interstellar medium (with multi-
phases, multicomponents, turbulence, complicated cloud structures, etc.), the interpretation
of line profiles is still very difficult.

Despite these uncertainties, Simonson (1976) works toward a simulation of large-scale spiral
structure by constructing a model based on density-wave kinematics that reproduces many

of the main features of the 21-cm HI observations. Figure 28 provides a synthetic optical
photograph of Simonson’s (1976) simulated model of our galaxy as revealed through the 21-
cm line profiles. A basically two-armed spiral pattern with a pitch angle of 6 to 8° is apparent
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nucleons (from Gordon and Burton, 1976).

between the 4-kpc dispersion ring and the solar circle. Near the solar circle, two additional
arms originate, and the pattern outside is multiple-armed.

PERSPECTIVE TOWARD THE FUTURE

Toward the future, the outlook is optimistic. Definitive scientific research generally motivates
further scientific research, no matter what the discipline. Most certainly of great benefit will
be current and future observational studies and theoretical work on the various constituents
and tracers delineating the structure, content, and dynamics of our galaxy, as well as extra-
galactic systems—HI, CO, OH, and H, and young stars, HII regions, supernova remnants,
pulsars, y-radiation, synchrotron radiation, and others.
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Figure 28. Synthetic optical photograph of a simulated model
of our galaxy using density wave Kiriematics as deduced from-21-
cm line profiles of neutral hydrogen {from Simonson, 1976).

Already, there are many exciting problems ripe for the challenge of future investigations.
Answers are needed to such questions as: Does our galaxy indeed pbssess spiral structure,
which many extragalactic systems seem to be capable of exhlbltmg for our b1rd s-eye
viewing? If so, how coherent is it, and why do the present CO observatlons for example,
not show a better delineation of spiral structure in our galaxy? From our vantage point, how
severely do we suffer from not seeing the forest because of the trees?. Although the abun- -~
dance distribution of CO does drop off within the inner 4 kpc in our galaxy in qualitative -
agreement with the compression-wave mechanism, why does the CO not drop off more
abruptly there? Might the compression-wave mechanism be capable of penetrating té'a = -
sufficient distance inside 4 kpc to account for this low level of CO present, or need there be
other sources? Indeed, these are only a few of the intriguing questions and problems that
could be mentioned; there are many others.

At the present time, theoretical results and developments are progressing well on many
fronts; exciting new observational results are springing forth; and theoreticians and pbserva-.-;-.
tionalists alike have the opportunity to learn a great deal more and broaden our present . , -
understanding. The interaction between theory and observations is extremely important for
the purpose of providing new challenges to current theory and to current observational tech-
niques toward their better and better refinement.
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THE GALACTIC DISTRIBUTION (IN RADIUS AND 7) OF
INTERSTELLAR MOLECULAR HYDROGEN*
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P. M. Solomon and D. B. Sanders
Department of Earth and Space Sciences
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ABSTRACT

New observations of the galactic longitiude and latitude distributions of
A = 2.6 mm CO emission are presented. Analysis of these spectralline :
data yields the large-scale distribution of molecular clouds in the galac-
tic disk and their z-distribution out of the disk. Strong maxima in the
number of molecular clouds occur in the galactic nucleus and at galac-

tic radii 4 to 8 kpc. The peak at 4 to 8 kpc correlates well with a re-

gion of enhanced 100-MeV y-ray emissivity. This correlation strongly
supports the conclusion of Stecker et al. (1975) that the vy-rays are
produced as a result of cosmic-ray interactions in molecular H, clouds
rather than in HI. One important implication of this is that the inter-
stellar magnetic-field lines to which cosmic rays are confined must
therefore not be exluded from these dense clouds.

The width of the cloud layer perpendicular to the galactic plane between
half-density points is 105 + 15 pc near the 5.5-kpc peak. The total mass
of molecular gas in the interior of the galaxy exceeds that of atomic hy-

drogen and is 3:10° M based on these observations.

INTRODUCTION

Until just the last year, there was little appreciation of the possibility that clouds of molec-
- ular H, rather than atomic hydrogen might constitute the dominant contribution to the

*This paper is Contribution 232 of the Five College Observatories. The research of Nicholas Scoville is partially supported
by NSF Grant MPS73-D4949,
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interstellar mass. The importance of the H, gas on a galactic scale was overlooked, essentially
because it was impossible to detect from the ground. The rotational and vibrational trans-
itions of H, are weak infrared quadruple lines, and observations of the ultraviolet resonance
lines are limited to clouds of low visual extinction (< 1 mag) in front of nearby O and B stars
(e.g., Spitzer et al., 1973). Our knowledge of H, in selected more opaque and more distant
gas clouds has instead been deduced from observations of relatively rare trace molecules like
CO, CS, and HCN which have fundamental rotation lines at A = 1 - 6 mm.

Recently, observations of the CO J= 1 - O line at 2.6 mm have been extended to surveys of
this emission throughout the galactic plane (Scoville and Solomon 1975; and Burton et al.,
1975). Scoville and Solomon (1975) used their CO observations to deduce the overall dis-
tribution and mass of molecular hydrogen in the galaxy. The relevance of these stud_ies to
@)bservations of galactic y-rays (Fichtel et al., 1975) rests on our early conclusion that “within
the region of the galaxy interior to the solar circle, molecular hydrogen, not HI, is the dom-
inant constituent of the interstellar medium.” Stecker et al. (1975) have pointed out that
the distribution of molecular hydrogen derived from the CO observations is very similar to
the “missing” interstellar matter distribution required to account for the observed rise in
~vray emission at galactic radii 4 to 8 kpc. The consistent conclusion of both analyses is

that, at the peak in the molecular cloud distribution (0 = 5.5 kpc), perhaps 90 percent of

the interstellar gas is H, , and, as one moves outward in the galaxy, the ratio H2 /HI decreases
until, at the solar circle, the two abundances are about equal.

In the followmg, we first review CO data obtamed in the galactic plane (b 0) from which &
one derives the radial distribution of CO (and H,) outside the galactic nucleus. Then, some
of our most recent observations pertaining to the z-distribution of molecular clouds are dis+

- cussed. Because the CO emission from the galactic center shows quite different character--
istics from that seen elsewhere in the galactic plane, we have devoted a'seéparate seéction to *
analysis of the emission seen at £ < 3°. Finally, in the last section, we are then ablé 16 es-
timate the mass and surface density contained in interstellar molecular hiydrogen by inte-
grating the radial distribution function over galactic radius and z.

CONSIDERATIONS FOR INTERPRETATION OF CO OBSERVATIONS

It is in no way obvious that the CO intensities we have observed at differerit positions in the
galaxy should be a proportional indicator of gas column densities. Very generally, the line
is found to be optically thick, and, in clouds having high gas density, the intensities will cor-
relate with gas temperatures, not with gas densities. On the basis of 12CO data alone, it is
impossible to tell in what fraction of the clouds observed in the plane the CO is thermahzed.
Our limited 13 CO data obtained at three positions indicates that the CO is probably not"
thermalized in roughly one-half of the clouds. '
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Figure 1. CO and Beo spectra are shown
for the direction? = 34°, b = 0°. Note that
there are at least five discrete features in

the CO spectra, each of which has a coun-
terpart in ¥ CO. The negative dip at

v = 20 km/s in the CO spectra is caused

by the presence of CO emission at that
velocity in the reference position 3° above
the galactic plane. The intensity units are
Rayleigh-Jeans antenna temperatures, K.

Figure 1 shows emission of 12C 160 and the rarer isotope, 13¢160, obtained at the position

2 =34°,b=0° The closest approach of this line of sight to the galactic center occurs at
galactic radius 5.5 kpc near the molecular cloud maximum. The discrepancy between the
observed intensity ratios 13 CO/12CO (ranging from 1/2 to 1/6 among the five features seen

in figure 1) and the much lower value of the interstellar abundance ratio [B3co/t2col=
1/40 (Wannier et al., 1976) imply that these 12CO lines are optically thick with 7> 6. It must
be an important consideration that the CO lines are optically thick, and the observed bright-
ness temperatures are therefore equal to the excitation temperature characterizing the rel-
ative J = | and J = 0 level populations.

This excitation temperature is determined by the rate of collisions of H, with CO, by spon-
taneous radiative decay (A, =61 08 sec!), and by stimulated radiative absorption and
emission. In the event that a cloud has ny <3000 cm™3, the collisions by themselves would
not be sufficient to thermalize the CO levels. However, if in this same region, the CO lines
are optically thick, a line photon will be absorbed and scattered approximately 7 times before
it escapes the cloud. Thus, one may visualize that, when this “radiation trapping” occurs,
each collisional excitation is replicated approximately 7 times, and the observed excitation
temperature will be in some manner proportional to 7. In a more technical treatment of the
excitation which solves the full equations of statistical equilibrium for CO (Scoville and

Solomon, 1974), we have found that, for a large regime giving subthermal excitation of op-
tically thick CO,

- 0-4
Ty = Tocitation & (nHz'nCO) (D
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Therefore, if the abundance ratio, n; 0/nHZ from cloud to cloud is constant,

T, o n,, 08 A ¢))

As the densities increasé and T, ycitation — Tk > then T, gradually loses its dependencg on nHZ

altogether and develops a linear dependence on Ty .

In most of the clouds outside the galactic nucleus (see “Galactic Center” section), we feel
that the densities are insufficient for complete thermalization, and, therefore, an intuition
which associates increased CO intensity with increased gas density seems reasonable although
it is hardly proven.

RADIAL DISTRIBUTION OF MOLECULAR GAS

The entire run of data from our earlier observations in the galactic plane (2 = - 10 to +90°
sampled once every degree with a 1-arcmin beam) can be displayed in a single longitude-
velocity diagram (figure 2). In this representation, a single spectrum observation constitutes
a horizontal line of shading. One sees both intense high-velocity emission arising from molec-
ular clouds in the galactic center ( w < 300 pc; see Scoville et al., 1974) and many-individual
less-intense features which were sampled in the galactic plane outside the center.

A more useful representation of the CO emission for comparison with y-ray observations is
obtained by using the Schmidt (1965) rotation law to transform from the &, v coordinates

of figure 2 to galactic radius (figure 3). This’ figixre provides our best indication of the molec-
ular gas distribution in the galactic plane outside w = 3 kpc. The vertical scale of figure 3
may be approximately transformed from <T, > to ny by setting ny =4 c’m‘f at the 5.5-
kpc peak (Scoville and Solomon, 1975). This H, distribution matche¥well that of other
population I components except for atomic hydrogen (figure 4). It is very similar to the dis-
tribution of discrete HII regions (Mezger, 1970), diffuse ionized gas (We,stefhout, 1958; and
Lockman, 1976), and is consistent with the pulsar distribution (Seiradakis, this symposium;
and Taylor and Hulse, 1976). And, most important for the discussion at hand, the H, dis-
tribution is identical to the y-ray emissivity (Stecker et al., 1975) within observational errors
and the uncertainty involved in unfolding the y-ray lbngitude distribution. All of these results
have been confirmed by the finer spaced, higher sensitivity CO observations of Gordon and
Burton (1976) at b = 0 and our most recent, higher sensitivity observations in 1 and b (Solomon
et al., 1976). - : : C S

THICKNESS OF THE MOLECULAR GAS DISK

When making a:comparison with y-tay data, a major shortcoming of the published CO ob-
servations is that the 1-arcmin CO beam observed only the galactic plane, whereas the y-ray
data have a much lower angular resolution, including contributions from over 5° of latitude.
Our newest observations and those of Cohen (1976) are therefore especially addressed to
estimating the thickness of the molecular cloud layer. We have observed along strips per-
pendicular to the galactic plane from b=-1 to +1° every even degree of longitude in the
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Figure 2. The intensity of CO emission along the galactic equator is shown as a function of
longitude and velocity. Molecular emission tends toward lower longitudes and more posi-
tive radial velocities as compared with 21 cm (see Kerr, 1969), indicating that the molecules
are concentrated toward the center of the galaxy. A version of this figure, spanning more
velocities (£300 km s™) and therefore containing the full range found in the galactic center,
may be found in Scoville (1975). '
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Figure 3. The mean CO antenna temperature as a function of radius in the
galaxy w, was calculated using the Schmidt (1965) rotation law to transform.
2, v in figure 2 to w. We use only data at > 10° in order to exclude the
galactic center where much of the gas clearly is not in pure rotation. Note
the sharp peak in CO at a radius of 5.5 kpc and the dramatic falloff toward
the Sun and beyond. The vertical scale may also be converted to H2 sur-
face density through a normalization to 25 Mg pc‘2 at the 5.5-kpc peak.
{See the last section of this paper.)
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Figure 4. The surface density
in giant HI regions {shaded
area; Mezger, 1970) and free-
free continuum radiation
(figure 16 in Westerhout, 1958)
show a remarkable similarity to
the radial distribution of CO
{figure 3). In contrast, the Hl
surface density varies little ip
with galactic radius (Van
Woerden, 1965).
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rahge 2 =0 to 50°. Although we have yet to fully analyze these new observations, samples
in the form of integrated line intensities are shown in figures 5 and 6 and are tabulated in
table 1, ‘

Interpreting the intensity integral as a proportional indicator of the molecular column den-
sities, we may use these data for estimating both the thickness and the central latitude of the
clouds. The full width in latitude to half-intensity varies from 0°7 to 1°0 (excluding £ = 0°).
The mean latitude of this emission significantly deviates from the galactic plane in the 20 to
40° longitude range where <b> =-072, and most of the emission integral is contributed by
gas in the 4-to 8-kpc ring. This amounts to a displacement <Z> of 40 pc below the plane.
From the latitude thickness of the emission observed near the terminal velocity® at many
longitudes 2 = 10 to 50°, we have estimated that half-density points on either side of the
plane are separated by 105 * 15 pc at radii 4 > 8 kpc. This is in agreement with the crude
value of 130 pc found in our earlier survey (Scoville and Solomon, 1975) and the estimate
of 118 pc found by Burton and Gordon (1976) from data at 2 = 21°. A more sophisticated
analysis of the data at all longitudes is planned in order to search for systematic variations
of the scale height with galactic radius (Solomon et al., 1976).

Perhaps a most relevant quantity against which one should compare the y-ray observations

is the double integral of the line intensity over all velocities and over galactic latitude (last
column of table 1). That the longitude dependence of this double integral is similar to the
longitude distribution of 100-MeV v-ray emission argues most persuasively in favor of the
vy-rays being produced within molecular clouds. Indeed, this is perhaps the most straight-
forward comparison one can make. The alternative of comparing the radial distributions of
«-ray and CO emissivities which we have used in the past requires an‘assufiption of azimuthal
symmetry about the galactic origin. For a mere comparison of the two observations, the
unfolding of both sets of data (in different ways) does not gain anything.

THE GALACTIC CENTER

One enigma in the comparison of CO and y-ray emissions still remains. Within the inner 3°
of longitude about £ = 0°, there is a system of very dense, massive clouds. Here, the integrated
CO emission is therefore 2 to 3 times the value at 2 = 10 to 30° (figures 5 and 7), yet the
~ 7y-ray emission varies less than 50 percent over the same longitudes. In interpreting the CO
‘emission elsewhere in the galactic plane, it was convenient to imagine that all clouds had a
similar kinetic temperature which was slightly above the observed brightness temperatures.
One could justify this assumption observationally on the basis that all lines observed were
weak (most had T, <4 K). However, in the galactic center clouds, the assumption is clearly
-not valid inasmuch as several of the CO features have T A 2 20 K. In this region, there are
also several infrared sources (e.g., Hoffman et al., 1971) of sufficiently high luminosity to

*Emission at the highest positive velocity in each line-of-sight with ® < 90° is produced at the point of closest approach to
the galactic center. Therefore, the distance to gas-producing emission at these “terminal” velocities is unambiguous.
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Table 1 .
Sample Data on the Latitude Distribution of CO Emlssmn
e [Ty aVatb=0" | <b> | ydb T, 4V
(K-km s ) G (10°° + K * kms?)
0 | 1200 0 29 |
1 775 0 31
10 200 .02 15
22 170 -0.3 ’ 13
L300 200 .0 7.4
7 110 | -02 44
42 ’ 70 -0.3 3
o | s -0.1 1

heat the dust and gas to > 30 K. And, if the CO transition is close to thermalization, a
change in T, can bring about an equal change in the observed T, (CO) without any change.
required in ny . (See the second section of this paper, “Consxderatlons for Interpretation
of CO Obserantlons ) We therefore judge that the increase in CO emission going from
2> 3°t0Q < 3° does not accurately reflect column-density variation, but instead is due
largely to kinetic temperature changes. We have previously obtained the total mass, . ‘
4107, - 10¥M of H,, inside & = 3° from analysis of detailed CO and *CO observat:ons
there (Scovﬂle et ‘al., 1974).

MOLECULAR CLOUD DENSITIES AND MASS

An important feature of the molecular hydrogen distribution, as deduced from the CO ob-
servations, is the extreme concentration of gas into clouds. The fraction of space filled by
clouds is approximately 0.007 near the peak in the 4- to 8kpc region with a mean molecular
hydrogen density within the clouds of 670 cm™3, corresponding to a smoothed-out denmty
of 2to 5 cm™ (see figure 3 and Scoville and Solomon 1975). The correspondmg number
derived by Gordon and Burton (1976) is 2 cm™ -

The relative abundance of CO within clouds is [CO/H2 ] &3 +10°. This abundance ratio
must itself depend on the density and opacity of the cloud. Low-density or low-opacity
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clouds of the type observed by the Copernicus satellite (Jenkins, this symposium) have a much
1ower [CO/ H,1~ 108 and therefore have much weaker CO emission per H, molecule. The
mass of H, in these low-opacity clouds is an additional component to that determined through

milljmeter wave CO surveys.
Combination of the measured width and density estimate (4 H, cm™3) yields a mass density of

25 M, pc? at 5.5 kpc (figure 3). Integrating this surface density function over the galactic
disk, we find a total mass of 3 +10° M, in interstellar H, interior to the solar circle.
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Figure 7. The very strong emission from the galactic center may be

appreciated in this graph of integrated intensity as a function of -

galactic longitude at b = 0.
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REMARKS ON THE OVERALL DISTRIBUTION
OF HYDROGEN IN THE GALACTIC DISK

W. B. Burton
National Radio Astronomy Qbservatory*
Green Bank, West Virginia 24944

ABSTRACT

Several current problems concerning the overall distribution of hydrogen
in the galaxy are discussed in general terms. These problems include the
degree of saturation characterizing low-latitude emission observations of
HI and the optical-depth corrections to the derived column and volume
densities; the amount of fine-scale velocity and spatial structure diluted
by the instrumental limitations of the presently available surveys; and the
general problem of detailed mapping of HI in the galaxy. Comparison is
made between the distribution of HI and that of CO and several other
galactic tracers. Atomic hydrogen is unique in its distribution, instead of
being typical of many Population I constituents. As defined by atomic
hydrogen, the galactic disk has a diameter fully twice as large as that de-
fined by the ionized and molecular states of hydrogen, as well as by other
molecules, supernova remnants, pulsars, y-radiation, synchroton radiation,
and the youngest stars. It is also less confined to the galactic equator than
most of the other constituents. The degree of small-scale structure apparent
in the molecular observations is much greater than that in the HI observa-
tions. Parameters describing the small-scale structure have been deter-
mined using Monte Carlo techniques to simulate the observations.

OBSERVATIONS OF THE A21-CM LINE OF ATOMIC HYDROGEN

A spectral line of wavelength 21 cm is produced by the well-known hyperfine transition of
neutral atomic hydrogen (HI). Observations of this line give intensity (usually expressed as
either antenna or brightness temperature) as a function of frequency Doppler-shifted from
the line’s natural frequency of 1420.406 MHz. The measured frequency shifts are converted
to radial velocities (1 km s™! =-4.74 kHz at A21 cm), usually expressed in Milky Way studies
with respect to the local standard of rest. Observational parameters of the major low-latitude
HI surveys have been tabulated by Kerr (1968) and Burton (1974a and 1974b), and, for the
central region of the galaxy, by Simonson (1974). '

*Operated by Associated Universities, Inc., under contract with the Nation:il Science Foundation.
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Observations from Westerhout’s (1973) high-resolution survey of the galactic disk are rep-
resented in figure 1 and show HI emission from the portion of the galactic equator accessible
to the NRAO 91-m telescope. These observations illustrate the ubiquitous distribution of
atomic hydrogen in the galaxy. HI emission can be observed easily in any direction of the
sky, and, although transformation from the observed velocity distribution to a spatial arrange-
ment is very difficult, no region in the galactic disk has been identified as empty of HI.

MOTIONS AFFECTING THE AZ?-QM}JNE

A number of mechanisms broaden the 21-cm line from its negligibly small natural width of

1016 xm s'!. The overall width of the HI line is determined at low latitudes by differential
galactic rotation and is typically 150 km s'1. To an approximation valid to first order over

most of the galaxy, the motions of material are such that the linear rotational velocity, © (R),
depends only on distance, R, from the galactic center. The rotation curve for R< R  was
derived from 21-cm observations. The method (reviewed by Burton, 1974a) involves measur-
ing the terminal velocities, v,, contributed by material on the locus of subcentral points,

where R=R_. =R/ Isin ®1, and where the linear rotational velocity is directed entirely along
the line of sight. The observationally derived rotation curve is © (R  Isin 1) = lv,1+©, Isin ],
where ®_ and R refer to the observer’s location. ‘

Terminal velocities derived from 21-cm measurements at b = 0°, AR = 02, are plotted in
figure 2. The line in the figure represents the terminal velocities predicted by the smooth
rotation curve tabulated by Gordon and Burton (1976). Deviations of the observed terminal
velocities from this line should be attributed to deviations from circular rotation (see Shane
and Bieger-Smith, 1966). The deviations which are not systematic over more than a degree
or two of longitude can usually be associated with known HII regions. The deviations which
show a systematic trend over more than several degrees are apparently streaming motions
induced by the gravitational torque of large-scale density fluctuations in the overall galactic
mass distribution (Barbanis and Woltjer, 1967; Yuan, 1969, Burton and Shane, 1970; and
Burton, 1971). Indeed, these irregularities provide the most convincing direct evidence for
the validity in our galaxy of the density-wave theory. Other arguments motivated by the
21-cm observations are less direct. The density-wave itself has not been directly studied
because the expected 5-percent mass variation (Lin et al., 1969) in the old to moderately old
disk stars is not detectable with present techniques. Some of the observational consequences
of this theory for our galaxy have been reviewed recently by Burton (1973, 1974a, 1974b,
and 1976), Wielen (1974), Roberts (1975), and Kaplan and Pikel’ner (1974).

If it is correct that the two major perturbations in the \A longitude variation are due to mo-
tions induced by spiral arms, then the locations of these perturbations at £ ~ 52° and £ ~ 35°
provide the tangent directions to two spiral arms. This quite circumstantial evidence seems
to be the best from 21-cm observations for the existence of spiral arms in our galaxy, at least
in the portion of it at R< R .
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Figure 1. Gray-scale representation of H1 emission intensities in longitude-velocity coordinates at
b =0°,11° <2< 234°, constructed from Westerhout's (1973) observations.
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Figure 2. Upper panel: :Variation with Iongltude of the total-veloclty
integrals fTdv calculated from the HI observations of Westerhout (1976).
Lower panel: Variation with longitude of the terminal velocities, repre-
senting material along the locus R sin .. The full-drawn line corresponds i
to the perturbation-free rotation curve tabulated by Gordon and Burton
(1976). : ; :

The terminal velocities derived from observations in the longitude quadrant 270° < £ < 360°
show irregularities placed somewhat differently, although of about the same amplitude, from
those found from the northern-hemisphere observations. There is also a well-known system-
atic difference between the two sides of the galaxy of about 7 km s'! over the subcentral-
point region between R = 5 and 8 kpc (Kerr, 1969). Manake and Miyamoto (1975) dlscuss
attempts tofind a dynamical explanation of this kinematic asymmetry.
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Streaming motions of the sort which influence the terminal velocities are known from a wide
variety of observations to be common throughout the galaxy. Although the amplitude of
these motions, ~ 5 to 8 km s!, is only about 2 or 3 percent of the rotational velocity of

the galaxy, their occurrence nevertheless has a profound influence on the appearance of the
observed 21-cm profiles. Thus, the shape of any observed HI profile can be modeled, with
no fluctuations in the hydrogen density, by suitable, and plausible, adjustnfents to the galac-
tic velocity field (Burton, 1971 and 1972; and Tuve and Lundrager, 1972). Although den-
sity fluctuations are bound to be present, the kinematic irregularities of the sort known to
be present throughout the galaxy play a predominant role in determining the shape of the
observed profiles. ‘

DETAILED MAPPING OF THE Hl SPATIAL DISTRIBUTION

One of the major results sought from observations of HI emission is a transformation of
features in the observed intensity-velocity profiles to the corresponding spatial distribution
of HI density in the galaxy. The procedures involved in making this transformation require
that the profiles be decomposed into physically significant individual features, that these
features are contributed directly by density concentrations in space, and that the velocity
field is well enough known in advance that accurate kinematic distances can be derived.
These requirements are very difficult to satisfy. Isolation of individual features in the heavily
blended low-latitude profiles is itself usually a tedious chore, producing results which in many
cases are somewhat tentative. Even after the separation is accomplished (obviously a neces-
sary first step to detailed mapping), the relative contributions of the various physical para-
meters to the separated profile features remain problematic. If the motions are gravitationally-
induced in the sense of the linear density-wave theory, the resulting spectral feature will
furthermore usually occur at a velocity in the profile different from that corresponding to

the center of HI mass of the structural feature (Burton, 1972). If the motions are those pre-
dicted by the nonlinear density-wave theory, one structural feature can contribute multiple
peaks to the intensity-velocity profile (Roberts, 1972). Variations in the effective HI tem-
perature can also influence the appearance of the line profiles: structural features could even
appear as minima instead of as peaks in the profiles in some directions in the not implausible
situation that cold clouds are concentrated near minima of the gravitational potential. Line
profiles also show some features which result simply from the geometry of the transformation
from space to velocity coordinates (Burton, 1971). Examples of such model-independent
features apparent in figure 1 include the intensity-ridge near v =0 km s1 at £ <90°, the
persistently enhanced intensities near the maximum velocities at 8 <90°, the pseudo-feature
centered on £ ~ 75°, and the enhanced intensities near £ = 180°.

These procedural difficulties do not mean that the s‘tructu‘ral characteristics of low-latitude
HI are inaccessible, although it does seem important that the definiteness of the 21-cm de-
rived picture of our galaxy’s spiral structure not be overrated. In general, a grand design of
a spiral nature in the overall HI distribution is not yet established. In particular, there is
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little comprehensive evidence for a spiral structure of HI concentrations at R <R,, where,
because of the double-valued nature of the velocity-distance relationship, the procedural
difficulties become more important. Values applicable on a galactic scale for the spiral-arm
tilt angle, radial separation, and arm-interarm density contrast are indirectly available from
21-cm observations, although the specific values depend on the validity of working hypotheses,
on extrapolation over large portions of the galaxy, or on theoretical justifications. It is also
not clear how representative the solar region (r £ 1 kpc) is of the galaxy as a whole. Thus,
there is no consensus (but many opinions) on the location of the Sun with respect to the
nearest spiral arms; specification of our location in the overall galactic design is important
if, as seems plausible, the parameters of the interstellar medium are regulated by passage of
a spiral density wave and the associated compression zone. It is worth noting, however, that
the mapping difficulties are primarily procedural. The kinematic irregularities characteristic
of our galaxy are remarkably less severe than those commonly found in other spiral galaxies
(see, e.g., Bottinelli, 1971). Similarly, the galaxy is found to be quite symmetric on a large
scale (relative fo the situation pertaining to many other spiral galaxies) when comparison of
the total velocity extent, or of the total integrated emission, is made between data measured
at b > 0° with that at b < 0°, or when data at 0° <2 < 180° is compared with that at 180°
<< 360°.

HI-COLUMN AND VOLUME DENSITIES NEAR THE GALACTIC PLANE

The Hl-column density is given by Ny; = 1.823 x 1018 s T, (V) dv cm and is usually not

a measured quantity because the kinetic gas temperature, T, , and the optical-depth profile,
7 (v), are usually not measurable. Only in the case of a profile optically thin at all velocities
does Nyy; become directly measurable through the profile integral, f Ty (v} dv, because, in this
case, the observed brightness temperature profile, T, (v) =T, (1-exp (-7(V)), is =T, 7(v).
The volume density smoothed over a path of length Ar is derived from [ Ty (v) dv/Ar. Den-
sities derived under the assumption of spectral thinness will underestimate tlie true amount
of HI. The degree of saturation depends strongly on the characteristics of the space-to-velocity
transformation inherent in the observations, and, thus, on longitude and latitude. In the
limiting case of complete saturation, Tg(v) = T, , and [ Ty(v) dv/Ar =T, lAv/Ar |, where Av

is the velocity extent of the portion of the profile considered. The arrangement of the geo-
metrical parameter, |dv/drl, in the galactic disk is what determines, through “velocity-
crowding,” the model-independent profile features mentioned in the preceding section. For
example, as £ = 0°, dv/dr = 0° over most of the line of sight; the increasing saturation results
in the decreasing values of the total profile integrals plotted in figures 2 and 3 at low 2. The
condition of optical thinness is probably encountered for only certain velocity segments of
most 21-cm profiles observed near the galactic plane, although at higher latitudes, 7 (v) < 1

is a realistic first approximation.

The spatial distribution at bl <10° of the profile integrals derived from observations made
by Weaver and Williams (1973) is plotted in figure 3. At these latitudes, 7 (v) ~ 1 is not
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uncommon, so that effects of optical depth become important. In fact, an estimate of the
degree of saturation characterizing the low-latitude HI profiles can be found from the con-
trolled conditions inherent ih synthetic profiles. Many aspects of the projection on the
plane of the sky of HI emission observed at low latitudes are approximately reproduced by
synthetic profiles accounting for the radiative transfer effect of a smooth distribution of
gas with T, =120 K, a peak density ny, = 0.33 cm™3, rotating according to a basic rotation
curve corresponding to the smooth line in figure 2, with the z-distribution given by Baker
and Burton (1975). The total-velocity integrals from such synthetic profiles are shown in
the lower panel of figure 3. The overall distribution of the synthetic-profile integrals is ap-
proximately the same as the observed overall distribution of the total-velocity integrals plot-
ted in figure 3. Thus, the saturation characteristics known for the model profiles can be
used to determine corrections which should be applied to the observed profile integrals to
give volume and column densities.

The volume density, ny; (R), and the line-of-sight column density, Ny, (£), corrected fgr the
effects of partial saturation, are plotted in figure 4. These quantities refer to the locus of
latitudes where the total profile integral in the figure 3 observations is largest. The correc-
tion for partial saturation is greater at R <R because of the double-valued nature of the
velocity-space relationship there. The (beam-smoothed) density of the neutral hydrogen

gas remains roughly constant over the major part of the galactic disk. This is in marked con-
trast to the distribution of total mass density, which increases strongly toward the galactic
center. The HI decrease in the inner parts is a characteristic the galaxy shares in common
with all other spiral galaxies for which projected HI surface densities have been measured
(Roberts, 1974). In particular, the corrected ny(R) distribution for our galaxy has quite

the same form as that observed in the nearby spirals, M31 (Roberts, 1974) and M81 (Rots,
197 5)
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Figure 4. Large-scale dtstnbutlon of HI -volume and -column densities in the galaxy. The densities labeled

“corrected”’ contain an adjustment for optical-depth effects determined from the controlled conditions in-
herent in model-fitting. The values refer to the latitudes of maximum [Tdv of the observations in figure 3.
Substantial densities of HI existat R > 10 kpc and at 8> 90 , contrary 1o the situation pertaining for many
other disk-population constituents.
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BEAM DILUTION IN LOW-LATITUDE HI PROFILES

Although Hl-emission measurements sample long lengths of path through the galactic layer,
the heavily blended nature of the profiles is such that individual small-scale structure is evi-
dent at low latitudes only in special cases. The bulk of the information on the details of the .
interstellar medium is derived from observations of the solar neighborhood. This limitation
is arbitrary, being imposed on most optical measurements by extinction and, at A21 cm, by
the relative simplicity of high-latitude profiles. Analyses of high-latitude profiles routinely
allow for a wide range of temperatures, densities, and sizes of emitting HI regions (see re-
views by Heiles, 1974; and Verschuur, 1974).

All major surveys of HI galactic disk emission have been made with beamwidths varying from
about 12’ (300-foot telescope) to v 1° (60-foot telescope) and with velocity resolutions. . .
generally about 2 km s1. These beamwidths correspond at a distance of 5 kpc to lengths

of 17 pc and 87 pc, respectively. It is not yet completely clear to what extent the limitations
of angular and spectral resolution have affected the analyses of these surveys. The limitations
impoéed by the angular resolution seem to be more important. Thus, very little additional - -
structure appears in a conventional beam if the spectral resolution is increased beyond 2 km
s'1. This practical limitation on the necessary spectral resolution is illustrated by figure 5,

in which profiles are plotted that were measured with a velocity resolution of 0.17 km st
(Lockman and Burton, 1976). No fine-scale structure is revealed by these measurements.
Indeed, HI spectral features observed at low latitudes rarely have dispersions less than v 3
kms?; thus, as is generally the case in radio spectroscopy, the widths of individual features .
are greater than those expected solely from thermal broadening. Unresolved turbulent ele-
ments would contribute to the broadening of apparently isolated features.

Substantial additional structure is revealed by measurements made with angular resolution -
higher than that used in the previously available surveys of HI emission. The newly resur--
faced Arecibo 1000-foot telescope offers a 3’5 beamwidth at A21 cm. A comparison is made
in figure 6 between observations made with a 37" beam (Weaver and Williams, 1973) and ones
made of the same region of the sky, and with the same resolution in velocity, with.the Ar.qcibo
telescope (Baker and Burton, 1976). Although there are many low-latitude structures with
angular scales greater than 1° (see also figure 1 and the upper panel of figure 2), these struc-
tures show much fine-scale internal structure. An extensive series of Arecibo observations - -
will provide direct measures (or at least limits) of length-scales of Hl-emission regions and
complexes (Baker and Burton, 1976).*

Aspects of this problem have been considered in a less direct way by Baker and Burton (1975).
They emphasized that the cold opaque HI regions revealed in large numbers by absorption
measurements (see, e.g., Radhakrishnan, 1974), which are made against distant continuum

*The National Astronomy and Ionosphere Center is operated by Cornell University under contract with the National k
Science Foundation. The observations in figures 5 and 6 represent a preliminary reduction; in particular, the intensity
scale is uncalibrated. ’
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Figure 6. Comparison showing the widespread occurrence of small-scale Hi structures. Upper panel: Latitude-
velocity distribution at £ 52° constructed from the 21-cm observations of the Hat Creek survey of Weaver and
Williams (1973). Tﬁhe‘)'37.' béamwidth and 2.1 km s velocity resolution are indicated by the cross in the upper
right-hand corner. Lower panel: Latitude-velocity distribution at 2 = 52° constructed from observations made
with the Arecibo 1000<oot telescope (Baker and Burton, 1976). The profiles entering the lower panel were
smoothed to thé same spectral resolution as those in the upper panel. The 3’5 beamwidth reveals substantial
additional struc;uré. At a distance of 5 kpc, representative for low-atitude investigations, 3’5 subtends a length
of 5 pc. L

sources of vanishingly small angular size, must be strongly beam-diluted in the emission pro-
files. Otherwise, the emission profiles would be saturated; they are observed to be (effec-
tively) optically thin.
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GALACTIC DISTRIBUTION OF CARBON MONOXIDE AND, BY IMPLICATION, OF
MOLECULAR HYDROGEN

Although 21-cm observations of atomic hydrogen show HI to be an ubiquitous tracer of a
number of galactic characteristics, they cannot give the true amount and distribution of in-
terstellar hydrogen. This is partly because cool HI is under-represented in the 21-cm observa-
tions, but it is much more important that large amounts of molecular hydrogen do not con-
tribute at all to the 21-cm line. H, is the most stable low-temperature form of the most
abundant element in the interstellar medium, and undoubtedly predominates over all other
material in optically cool, opaque, compressed regions in which the molecule is shielded
against photo-dissociation after formation on grain surfaces (Solomon and chkramasmghe
1969; Hollenbach et al., 1971). H, hasno observable transition in the radio orin the optical
windows. Direct observations of H Lyman absorption bands in the ultraviolet. spectra of
reddened stars have been made flI‘St from rockets (Carruthers, 1970) and extensively from
the’ Copermcus satellite (Spitzer et al., 1973; and Spitzer and Jenkins, 1975). Ultraviolet
extinction due to interstellar dust limits such observations to material within 1 kpc or so

of the Sun. The next most abundant interstellar molecule, CO, is also concentrated tg:) cool,
dense regions in which it is self-shielded against radiative dissociation. The most important
source of excitation of the CO line involves collisions with H, (Goldreich and Kwan, 1974;
and Scoville and Solomon, 1974). Thus, the observable abundance distribution of CO pro-
vides, by 1mphcat10n, some aspects of the distribution of H,.

Observations made along the galactic equator of the J = 1 - 0 rotational transition of 12CO
at ~ 2.6 mm (115 GHz) are shown in figure 7. At this wavelength, the NRAO 1 l'm tele-
scope has a beamwidth of 65"; iowever, the effective resolution of figure 7 is set by the

~v 12" longitude interval between spectra, which is the same as the 12’ ‘beamwidth of the
91-m telescope at v 21 cm characterizing figure 1. Certain salient characteristics of the CO
distribution which distinguish it from the HI dlsmbutxon are apparent from these observa-
tions (see Scoville and Solomon, 1975; Burton et al., 1975; and Burton and Gordon, 1976a)

The most striking difference between the overall HI distribution and that of<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>